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* PREFACE 



The disooTerieB made daring the last fifty years concendiig 
the dischai^ of electricity through gases and the determination 
of the close relationship between the phenomena of this dis- 
charge and the recently stndied properties of the radioactive 
snbstances have opened new fields for experiment and specnla- 
tion. 

The prediction of Faraday, that the study of the electrical 
discbarge in gases might eTentnally lead us to a more thorough 
anderstanding of the nature of matter and electricity, ie being 
gradually realized. Thus the existence in the chemic^ atom 
of mnoh smaller particles, which propably are the same in oil 
BnbBtancea may now be looked upon as an established fact. 
The Btractural character of electricity also is, at the present 
day, more than a mere hypothesis. 

Moreover this discharge has already proved of more than 
purely scientific interest. The mere mention of the mercury- 
aro lamp and of the mercury-arc alternating-current rectifier 
will be enough to show the practical use now made of some of 
the properties discovered The mercury -arc rectifier, which has 
been put on the market quite recently, bids fair to take a very 
prominent place among rectifying devices on Account of its effi- 
ciency and convenience in handling. 

To Professor Daniel W. Sheo I desire to acknowledge iny in- 
debtedness and express my sincerest gratitude for his indispen- 
sable assistance and able direction in the study of the bewilder- 
ing amount of literature on this subject. I also gratefully ac- 
knowledge my obligations to Professor Juo. J. Griffin for the 
instrnction received in the department of Chemistry. 
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The Discharge <A Electricity Through Gases. 

CHAPTER I. 

FiBST FsfilOD. 

A. Eabubbt Obsbbtations and Gbnbbal Phenoubna. 

"Air, Bays Henry Cavendish, (1) does in some measure permit 
the electric fluid to pass through it; though, if it is dry, it lets 
it pass bat very slowly, and not withont difficulty; it is there- 
fore to be called a non-conductor." 

"It appeani that conductors would readily suffer the fluid to 
nm in and out of them, were it not for the air which surrounds 
them: for if the end of a conductor is inserted into a vacuum, 
the fluid runs in and out of it with perfect readiness, but when 
it is surrounded on all sides by the air, as no fluid can run out 
of it withont mnning into the air, the fluid will not do so with- 
out difficulty." 

This seems to be the first account of the dischai^ of electri- 
city through rarefied gases, the term vacuum meaning probably 
a gas under a reduced pressure which could not compare with 
the low prrasures obtained to day. 

But to find a systematic study of the phenomena accompany- 
ii^ this discharge we must come down to the time of Faraday's 
Experimental Besearches (2) which appeared more than half a 
century after these first observations. Faraday describes the 



(1) Blectrloal Researches, p. 11. from Phil. Traos. Roy. Soo. ITTl. 
(9) Bxperlmeatal Rosearchea, Series XII, Nos. I40G et seq. Series XIII 
Nos. nm et aeq. 
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4 Gbaftbb I,— Pibst FKbiod. 

Kradnal changee that take place in the electric diwharge as the 
preMore of the air decreaaee. At normal preseors, the eloctrio 
(train may be released in two different waya:— if the distance 
between the electrodes is not too great for the available poten- 
tial, the spark discharge occoih; in this discharge Itself the 
spark proper and the discharge throngh the snrroonding elec- 
trified air hare to be distinguished; if the distance between the 
electrodes is increased the sparking becomes less freqoent and 
is accompanied by a bnuh dischai^, till the latter finally be- 
oomes the only noticeable phenomenon. 

If the electrodes are inclosed in a vessel from which the air 
may be exhausted, the phenomena are the same as those dea- 
cribed above as long as the pressnre is not rednced below a def- 
inite value. After this there is a gradual change in the char- 
acter of the discha^e. The bmsh disappears and a inminons 
"Stream Discharge" reaching from one pole to the other sets in. 
If the preesore is lowered still more, a bluish glow first appears 
at the kathode and a pinkish light then begins to aarronnd the 
anode. This light gradually extends towards the kathode 
though it never reaches the negative light. This last mentioned 
phenomenon was styled by Faraday the "Dark Discharge" 
owing to the dark space that always separates the two lights. 
Here is his own description of this interesting discovery: — (1) 
"I will now notioa a very remarkable circumstance in the lumi- 
nous discharge accompanied by negative glow, which may, per- 
hap8,be correctly traced hereafter into dischai^^ of much higher 
intensity. Two brass rods, 0.3 of an inch in diameter, enteni^ a 
glass globe on opposite sides, had their ends broti|;ht into con- 
tact, and the sir about them very much rarefied. A 
discharge of electricity from the machine was then made 
through them, and whilst that was continued the 
ends were separated from each other. At the moment of sepa- 
ration a continnons glow came over the end of the negative rod, 

(1) 1. c. p. 400, No. 1S44. 
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Chaptib I. — F1B8T Pebiod. 6 

the positive termination remaining quite dark. Ab the distance 
was increased, a purple stream or haze appeared on the end o{ 
the positive rod, and proceeded directly outwards towards the 
n^ative rod; eloogsting as the interval was enlarged, bat never 
joining the n^ative glow, there being always a short dark spa- 
ca between. This space of about one tenth or one twentieth of 
an inch, was apparently invariable in its extent and positioa 
relatively to the negative rod ; nor did the negative glow vary. 
Whether the negative end were induotrio or induoteons, the 
same effect was prodaced. It was strange to see the positive 
purple haze diminish or lengthen as the ends were separated, 
and yet this dark space and the negative glow remain nn- 
altered." 

Faraday had never carried his vacuum very high. The idea 
of stndying the dischai^e at the lowest obtainable pressure na- 
turally suggested itself, Maason (1) attempted to pass an 
electric discharge through a barometric vacuum but failed to 
obtain any results, whence he concluded to the non-conductivity 
of an absolute vacnum. In a later paper (2) he brought further 
proof for this opinion. The first one to remark the resolution 
of the positive light into layers was W. R. Q-rove (3) who had 
also noticed the dark space observed by Faraday and had dis- 
covered, in addition, that under certain circumstances the latter 
may disappear. Quet (4) obtained the same striation of the 
^lositive light and described anew the different phenomena of the 
discharge, showing that it was disruptive and that it was poa- 
sible to effect a complete disappearance of the positive light for 
a certain distance of the electrodes. 

B. VALVE-TimB AND FdNHHL TuBB. 

The study of the elctric dischai^e in rarefied gases was given 



(I) C. R. 7, p. 671. Pogg. Ann. M pp. «7. 88. 

(3) Ann. de Ob. et de Phya. Iff, p. 466. 1868. 

(8) Phil. Trana. 1863. Pngg. Ann. 98. p. 402. 1854. 

(4) Pogg. Ann. Ergeb. 4. p. 507. 1864. 
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ti Chaptbe I. — FiBST Pebioi*- 

a greater impetus by the advenfr of M. GaT^in (1) who di&- 
covered that in a Tacumn-tabe with two eleotrodeg whose sizes 
are very aiieqiial, a cmrent is transmitted in one direction muoh 
more easily than in the other. He called this tube "ceuE-Boupa- 
pe" or "aonpape 6lectriqne", from its valve-like action. Accord- 
ing to his view, the closing cmrent of an induction coil was al- 
ways allowed to pass with much greater ease than the opening 
current. He also studied the nature of the layers and concluded 
that they are a phenomenon of matter. 

Gaugain's views regarding the real nature of the occurrences 
in his valve-tube were challenged by P. Riess, who showed, in a 
series of papers, (2) that the phenomenon was to be traced to 
the direction of the current and not to the fact that it was either 
an opening or a closing current. He formulated the law that 
an induced current after traversing the valve-tube, deflects a 
magnet in the same manner as a current flowii^ fro^ the large 
to the small electrode, or in other words, that the resistance of- 
fered by the tube is greater for currents which make the small 
electrode their anode than for those in which the anode is the 
lan^r surface. The same subject was studied by Peddersen (3) 
and Enoohenhaner, (4) neither of whom found results favoring 
Gaugain's views. 

Another form of tube resembling the previous one in its 
effects is what is known as the "Funnel-tube", namely, a 
vacumn-tube divided into several compartments by funnel-shaped 
obstructions which leave only a narrow opening between the 
several parts. These tubes were first made by G^issler in 1868 
and subsequently perfected by Holtz. The nature of the effects 
occurring in them was studied by J. C. PoggendorfF. (5) But 



(1) C. n. 40. p. S40, ft Pogg. Ann. 95 p. 16a IH55, 

(2) Pogg. Ann. 06. p. 171. I83R. 130, p. S13, 1BS8. 180, p. 9 
(8) Pogg. Add. lin, p. 336, 1862. 

(4) Pogg. Ann. 126, p. 328, 1866. 139, p. 18, 1866. 
(15) Pogg. Ann. 184, p. 1. 1868. 
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Chaptee 1— Piebt Period. " 

before giving the reflulta of his inveatigationa, it may be well to 
mention that, in 1859, J. Plnecker (1) had noticed the pecnliar 
behavior of obatmctionB in a tnbe, producing what he called 
"recurring carrents". He i^ain touched apon the ftamesnbjeot 
in 1861, (2) stating that if the current flows from a wider to a 
narrower part, there is a partial recurring of the current towards 
the anode. Po^endorff found that these tubes also offer a 
greatly different resistance with different connections: the re- 
sistance is always smaller when the points of the funnels are 
directed towards the anode. At the end of these same points 
there appeared a dark space from which a cone of light extended 
in the direction of the next funnel. Prom these several obser- 
vations it became clearly evident that the funnel points were 
behaving somewhat like a kathode. With the aid of this tube 
Poggendorff detected a peculiar influence exerted by a rise of 
temperature on the striation of the positive light: namely that 
if one of the central compartments was heated, the striae of the 
adjoining compartments increased in number and brilliancy. 
The explanation of this phenomenon would present no difficulty 
were it not for the fact that it persisted for weeks, even after 
the cooling of the tube in ice. 

C. Stbiation. 

During this period a certain amount of attention was also 
devoted to the conditions givir^ rise to striation. As we have 
already noted the pioneer observer of the phenomenon was W. 
B. Grove. V. S. M. Van der Willigen <3) was the first to pro- 
duce it by means of the influence-machine both with and with- 
out a condenser in circuit, (4) thus removing one more of the 
8n[^x}sed differences between frictional and induced electricity. 



(1) Pagg. Ann. 101. p. 87. 1869. 

(2) Pogg- Ann. 116, p. 29, 1881. 

(S) Pogg. Ann. 98, p. 494, I8G6. 99, p. 175, 18G0. 
(4) Po(;g. Ann. 118, p. 611, 1801. 
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8 OhAPTEB I — FlBBT PBBIOD. 

It was learned that striation was bronght about by the 
inBertion of a reBistance (1) into the out^ cirotut; which resist- 
anoe might be that of an air^ap, a metalHc reBistance, a wet 
twine, etc. Striation vna also infin^iced by the application of" 
heat, by mere tooching of the tabe and by connecting one of 
the electrodes with the earth. (2) The distance between the 
striae was shown to be some function of the diameter of the 
tnbe (3) and of the pressure therein. (4) All these observations 
abont striation refer to the positive light, but it must be noted 
that some striation was also observed in the negative glow. ^5) 

D. Inflxtbhob of a Maqhbt os thb Elbotbio Dibohaboe. 

In 1849, A. De la Rive (6) noticed that if one of the electro- 
des of a vacuum-tube was magnetised, the electric light rotated 
around the pole of the magnet. This interesting and sn^^estive 
discovery seems to have passed unobserved. Several years 
later, the fact that a magnet does really exert some influence on 
the eleotric dischaige was again discovered by J. Flaecker, ( 7 ) 
who found that the general behavior of the electric light under 
the influence of a magnet is apparently similar to that of a wire 
carrying a current and free at one end. The behavior of the 
positive light is different from that of the negative; — while the 
former is brought tt^ether into a cone, the latter rotates around 
a magnetic curve. If the tube is subjected to the influence of 
■ a magnet of sufficient strength, the positive light may be bent 
back towards the anode, causing a negative glow to appear at 



(1) Paalaow, Pogg. Ann. 113, p. BB7, 1861. Poggendorff, Pogg. Ann. IM, 
p. 17,18S8. Eoltz, Poog. Ann. 170, p. 5fiC, IB78. 

(3) Poggendorfl, Pogg. Ann. IM, p. 48, 1668. P. Rlesa, Pogg. Ann. 104, p. 
831, 1856. 

(8) Pluecker, Pogg. Ann. 108, p. 101, 16B8. 

(4) Waltenhofen, Pogg. Ann. 136, p. 537, 1865. 
<5) J. Pluecker, Fogg. Ann. 103, p. 9S, 1858. 

(6) Pogg. Ann. 104, p. 129, 1658. 

(7) Koelnlsohe Volkaztg. July 33, 1857. Pogg. Ann. 108, p. 88, 186a 
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t^e latter. (1) De la BIto (2) again called attention-to hid 
early experiments aaid repeated them. He also ascertained (3) 
that trndei; iiie inflnence of a magnet iht layers in the positiTe 
l^ht beeom» more brilliant and that the Bo-oalled dark space (4) 
may be made laminons. Qenerally the magnet was found to 
inereaee the Tenstance in the tube. 

F. Spbotaoboopio Studi; oj the Ijght in Vaoddm-tubeb. 

The discovery by J. Pluecker (5) in 1858 of the lact that 
each gas gives a special spectrum when fluorescing Bnder the 
inflnence erf the electric discharge in a vacuum-tabe, created a 
new branch in spectrum analysis. This discovery, as its aotfaor 
himself foresaw, was to prove of great technical and scientific 
nsefulnees. The first scientific conctusion he deducted from 
it was the non-luminosity of the electric discharge through 
rarefied gases, the light being entirely due to ponderable mat- 
ter under the influence of the current. ( 6) The difference be- 
tween the spectra of the same gas near the kathode and the 
anode was described by F. W. Dove. (7) These ' spectra were 
studied by Van der Willigen, (8) Waltenhofen (9) and many 
others, but most of the work is only incidentally connected 
with this subject. 

G. Faotohs of tbh Dhohabgb. 

Pbsbbdbb ahd Oubbbnt. — G-angaio (10) remarked an increase 



(1) F<vg. Abu. lOT, p. 71, ISfiS. 

(2) Fogg. Ana. 104, p. 129, 1868. 

(8) Ann. de Ch. et de Phya. 10, p. ISO, 1867. 
(4) Ann. de Ch. et de Fhjs. 20, p. 103, 1870 
<6) Fogg. Ann. 104, p. 113, 1868. 

(6) Fogg. Ann. 107, p. 497, 1859. 

(7) Fogg. Ann. 104, p. 184, 1868. 

(8) Fogg. Ann. 106, p, 626, IBSD. 
(0) Fogg. Ann. 126, p. G36, 1886. 
(10) O. B. 40, p. 640. 



)vGoo'^lc 



10 Chapteb I.— First Pebiod. 

of current coinciding with an increaBe of vaocum. A. Mor- 
ten (1 1 made a more careful study of this subject and learned 
that the relation between ourrent-intensity and gas-preaaore 
was not a simple one. The carve which would represent this 
relation (presBure being represented along the X-axis, and 
current on the Y-axis) would, with high but decreasing pres- 
sures, at first rise very slowly till the gas pressure had reached 
as low as 2-4 mm, according to the nature of the gas; with a 
further decrease of pr^sure the curve would rise very rapidly 
up to a maximum which oocured at about 0.7-lmm, after 
which it would again quickly decrease. 

DwoHABGB Potential.— In 1834 Harris (2) had shown that 
the quantity of electricity required to obtain a dischai^e in 
rarefied air varied directly as the distance between the elec- 
trodes for a determined gas pressure and also directly 
as the gas pressure for a given distance between 
the electrodes. From this he concluded that the smallest 
charge could not be retained on a conductor in a suffi- 
ciently high vacuu^. Matteucci (3) accepted the same theory. 
But in 1839 Masson (4) failed in his attempts to produce a dis- 
chai^ through a high barometric vacuum. Q-assiot also 
obtained vacua which did not allow the distihai^ of an induc- 
tion coil, hence the conclusion already drawn by Faraday that 
a perfect vacuum was a perfect non-conductor seemed to be 
justified. The relation between the gas pressure and the dis- 
charge potential was investigated more thoroughly by Walten- 
hof en (6> who demonstrated that this potential depended not 
only on the pressure of the gas but also on the nature and the 
shape of the electrodes. From his several experiments he con- 



(1) Ann. de Cli. et de Pliys. IV, 4, p. 886, 1366. 

(2) Phil. 'I'rana. p. 248, 1834, 

(3) Ann. de Ch. et de Phya. Ill, 28, p. 385, 18.50. 

(4) C. B. 7, p. 871. 

(0) Fogg. Ann. 128, p. 527, 1865. 
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eluded that for very high vacua, a high potential is reqidred 
only to start the diachai^e and not to maintain it. On the 
strength of this he advanced the theory that the eleetrio dis- 
charge could really be propagated through vacua which are 
considered as perfectly impervious to electricity, thus rejecting 
the severalproofs adduced in support of the hypothesis that a 
perfect vacuum was a non-conductor. Karl Schultz (1) also 
observed a minimum of discharge potential for certain gas 
pressures, above and below which the required potential rises 
slowly at first but with a gradually increasing velocity. He 
also investigated the effect of the dimensions of the tube on the 
discharge potential and found that the latter increases as the 
cross-section decreases and that it becomes greater as the lei^th 
of the air column increases for all pressures above 1 mm. 
Below these pressures the discharge potential does not seem to 
be influenced by the length of the tube. 

A. De la Rive (2) noticed the diSerent changes of tempera- 
ture near the kathode and the anode, but this manifestation of 
energy was studied more closely by Poggendorff. (3) In the 
Bakerian lecture of 1858, J. P .Gassiot (4)al3o alluded to the 
si>ecial development of heat at the kathode and attributed it to 
the overcoming of a large resistance near this electrode. As a 
further proof of the presence of this large resistance he brought 
forward the fact that metal is projected from the surface of the 
kathode, i. e. the so-called "Zerstaeobung". 

H. Efpeotb of the Disohabge. 

The strong green or blue Quoresceuce caused on glass under 
certain circumstances was observed by J. Pluecker (5) and P. 



(1) Pogg. Ann. 136, p. 349, 1868. 

(3) Ann. de Ch. et de Phye. 8, p. 487, 1806. 

(3) Pogg. Ann. IS8, p. 843, 18SB. 

(4) Pogg. Ann. 119, p. 131, 18B3. 

(5) Pogg. Ano. lOS, p. 88, 1858. -104, p. 118, 1838. 
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Biewtl) and attrlbn^ hy them to the Ttege.ti.ve liglit. 
Plnecker also notioed that wheoevw the negative light was 
brongfat to the walls of the tube it prodoeed this viyid flnorM- 
- oence. Another curious and important phenomenon of finorea- 
oenoe was described by H. W. Dove, (8) namely, that ataainm 
glass and bwiom-platiaam c^soide flnoreBced lataisely when 
{daoed In close proximity to th« htbe. fi^d he examined mate 
deeply into the natnre of the phenonenon, it oaa hardly bs 
donbted that he would have anticipated the diaoo'rary taibaa- 
qnently made by W. Roentgen, because this flnorBScenoe was 
in all probability an effect of the X-rays. 

In scnne tnbes constmcted by Geisaler, the gaa still retained 
some finoreecsnce or "after-glov" after Uie discharge had been 
stopped. This peculiar effect was exienriveJy studied during 
thu pwiod. The first to <^er an explanation was E. Becqne- 
rel, (3) who assigned the presence of oxj^en as the caiise of the 
phenomenoa. Bless (4) ascribed it to sulphuric »^A gas. H. 
Wild <6) believed it was produced by the oxidation of snlphnr 
aftw the dischai^e. A. Morren (6) attacked Eeeqnerri's 
opini(m and showed that pure oxyg^i wonld not give any after- 
glow; he foond that if oxygen contained bat slight tisoes of 
nitrc^n it woald fiuoresee. B. Sararin (7) attributed the 
after glow to chamioal oauses, and particularly to the formation 
of ozone. Prom his exp^iments, he thought himself JTutified 
in concluding that no other gases but pure oxygen and oxygen- 
compounds are able to give this fluorescence. This same view 
was confirmed by A. De la Rive, (8) in whose laboratory most 
of Sarazin's experiments had been performed. 



(1) Poggr. Ann. 104, p. 831, 1958. 

(2) Pogg. Ann. 118, p. 611, 1881. 
(8) C. 48, p. 404, 1869. 

(4) Pogg. Ann. 110, p. 628, 1660. 
(6) Pogg. Auo. Ill, p. 821, 1890. 

(6) C. R. 68, p. 794, 1885. 

(7) Ann. de Ch. et de Phye. 17, p. 501, 1889.— 19, i 

(8) Add. de Oh. et de Phya. 18, p. 181, 1870. 
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Two more effects of the dischai^e brought to l^ht dnrii^ 
this period deserre to be mentioQed: — 

1 ) Its eff ctCt oa a pbotographio ^te. This was discovered 
by H. W. Dove in 1861. (1) The fact that he obtained a well 
defined shadow of a piece of nraniain glass shows that he had 
no ordinary light effect. 

2) The fact that ae the discharge continues throogh a gas, 
the latter becomeB more rarefied. (2) This chai^te of vacuom 
was attribated to a combination of o^gen with other gases or 
solids in the tnbe. ' 



(1) Fogg. Add. 118, p. 611, 1861. 

(3) Plnecker, Fogg. Ann. 105, p. 67, 1808. 
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Sboohd Fbbiod. — Fboh Hittobf to Lbnabd. 



The pablicatioD in 1869 of W. Hittorf's first paper on the 
eleotrioal condQctivity of gases (1 ) may be rightly looked upon 
as the beginning of a new period in the study of this subject. 
Heretofore there had been more or less castii^ about and a 
lack of definiteness; bnt henceforth a more systematic study of 
the discharge of electricity through gases was instituted. 
Observations were more accurate, new facts were discovered, 
their theoretical bearing was diBcuBsed and a successful attempt 
was made to analyse some of the more complicated phenomena. 
All this was due mainly to the efforts of such men as W. 
Hittorf, E. GJoldstein, the two Wiedemanns, Sir W, Crookes, 
J. J. Thomson and several others. 

I. — W. Hittorf. 

Faraday had already described the appearance of the electric 
discharge in rarefied gases. Although many experimenters in- 
tervened between him and Hittorf, the latter may be looked 
upon as continuing the former's woik, for he prefaced bis first 
paper by an extensive extract from Faraday's Experimental 
Besearohes and then pnrsued his own investigations on similar 
lines but onder more favorable conditiouB. These allowed 
him to get a higher B. M. P. and higher vacua, thanks 
to the improvements made in the Rhumkorff coil and 



(1) Fogg, Ann. 1S6, p. 1, 18flS, 
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the mercury pnmps ooDstructed by Qeissler. By the 
aid of these new appliances, he noted (1) that as the 
gas pressare became lower than 2mni of mercury, there 
was a rapid change in the phenomena observed by Para- 
day. The glow on the kathode soon extended itself not only . 
over greater portions of this electrode bat also thronghont the 
sorronnding space driving back all the while the reddish light 
towards the anode. Both lights became striated with a conca- 
vity towards the positive pole. Bnt in the mean time the three 
parts of the discharge noted by Faraday, namely, the jKwitiva 
light, the dark space and the negative glow still remained in 
the tabe. While the number of striae in the positive %ht was 
variable, depending on the size of the tabe, the qoantity of 
available electricity, the nature and pressure of the gas, 
etc., the layers in the n^ative Hght on the other hand exhibited 
a remarkable constancy, They were always three in nnmber. 
Directly on the kathode there appeared a narrow band of light 
which sometimes was very faint; beyond this there was a still 
darker but well defined band, which is now called the Hittorf 
or kathode dark space; at the end of this band begins what is 
called more particularly the negative light or glow. 

It may be noted here that the kathode dark space has been 
called by some writers the "dark space" without any further 
specification; this ia misleading as the term was first and still 
is generally applied to the region between the positive and the 
negative light. 

At the highest vacua obtainable by Hittorf during this period, 
the positive light disappeared completely and the negative glow 
filled the whole tube. A very important characteristic of this 
n^ative light is its rectilinear propagation in a direction nor- 
mal to the surface of the kathode, the position of the anode 
exercising no influence on its path. This, property was aptly 



(1) Pogg. Add. 1S6, p. 0, 1S69. 
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illnatrated by a tube wherein the kathode pointed away from 
the anode, in which case the negative light travelled directly to 
the end of the tube opposite the positive pole. By placing a 
Bolid oi liquid in the path of this light, a well defined shadow 
was thrown on the opposite wall of the tube, whence Hittorf 
concluded that the path of the glow was boonded by any solid 
which it happened to strike and that there was never any devia* 
tion from the rectilinear transmiBsion. (1) This statement con- 
cerning the ending of the negative light on striking any solid 
was considerably modified by later experimenters: by B. Gold- 
stein (2) and H. Hertz (3) in particular. 

Another property of this n^ative light which has been very 
important in the study of the subject is its power to produce 
fluorescence on substances which may fluoresce under the influ- 
ence of light. Thus if this negative glow is brought to the 
walls of the tube there is a vivid fluorescence; the color of the 
latter is bluish for lead glass and a very bright green for sodium 
glass. The light may be brought to the waUs of the tube in 
several ways: — by giving the kathode such a shape or position 
as wUl lessen the distance from the walls to its surface, by 
evacuating to such a degree as will allow the negative light to 
fill the whole tube or, finally, by subjecting the tube to the in- 
fluence of a m^^net. Hittorf found that in this last casd the 
negative light behaves like a stream of negatively electrified 
particles moving from the kathode to the anode. 

Besides noting these general facts he made quantitative 
experiments to invest^te the conditions prevailing in the 
tube. He first studied the conductivity of the gas and reached 
the conclusion (1) that the maximum of conductivity does not 



<1) Poffg. Ann. 1S6, p. 8, 1869. 
(S) Wiftd. Ann. 11, p. 8S2, 1880. 
(8) WIed. Ann. 45, p. 28, 1802. 
(4) Fogg. Ann. 136, p. 80, 1809. 



)vGoo'^lc 



Chapter ii.— Hittobp XT 

depend on the gss-preesare alone but also on the dimensionB of 
the tube and the shape of the kathode. The conduetmty in- 
creased until the pressure had been reduced to a certain value 
beyond which it decreased rapidly.' In fact he was able to 
reach vacua through which the highest E. M. P. then at his 
command could not send an electric current. The source was a 
42 cm. coil, which was put at his disposai in Paris. But he 
soon discovered that the conductivity w^ not uniform through- 
out the different parts of the tube. He was able to state that 
with decreasing gas-pressure, the resistance in the positive 
layers diminishes, while that in the kathode light and particu- 
larly that near the kathode increases. The apphcation of heat 
to the kathode decreases this resistance very sensibly: thus, if 
this electrode was heated to white heat a few Bunsen cells were 
enough to maintain a constant current through a highly 
evacuated tube. (1) 

The n^ative Ught itself also greatly increases the conduct- 
ivity of a gas not only in the direction of its propagation but 
also in all other directions. (2) 

The current-intensity likewise has an effect on conductivity. 
Hittorf (3) ascertained that the conductivity of a gas varies 
proportionately to the current-intensity and, in a later paper, (4) 
he stated more particularly that in the positive light the con- 
ductivity increases proportionately to the intensity of the current 
for a constant gas-pressure. Studying the fall of potential in 
the tnbe, he found that the difference of potential between any 
two cross-sections of the positive light does not depend on the 
current-intensity. (5) 

The fall of potential at the kathode is always very great. (6) 



(1) Wied. Ann. 21, p, 90, 1884. 

(2) WIed. Ann. 7, p, Sn8, 1819 
(S) Wied. Add. 7, p. 622, 1879. 

(4) Wied. Ann. 30, p. 70B, 1883. 

(5) Wied. Ann. 30, p. 705, 1883. 
(8) Wied. Ann. 21, p. BO, 1884. 
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This great potential-gradient is accompanied by an excessive 
heating effect on the kathode, causing the so-called "Zerstaen- 
bnng" of the latter. Hittorf even perfonned some experiments 
to show that this heat U snfficient to account for the rotation of 
the Crooke's radiometer. 

II.— E. GOLDSTBIN. 

Hittorf had gener^ly osed the term "Glimmlicht", (which 
may be rendered by "N^ative glow" or "Ughf'j in connection 
with the main phenomenon which he stodied in rarefied gases. 
By this he meant an action which is propagated from the 
kathode in the natnre of a ray; "strahlenartig". <1) E. Gold- 
stein calls the same phenomenon the electric ray of the kathode 
light, "der elektrische Strahl des Eathodenlichtes", (2) and 
later,simply ''the kathode rays," which name passed into general 
use. He found that Hittorf s statement viz. that the kathode 
rays ended wherever a solid was put in their path, had to be 
modified. The kathode rays, under these circumstances, do not 
merely end and produce fluorescence but they are "differen- 
tiated", (3) this differentiation taking place both at the subs- 
tances which did and those which did not fluoresce. 

Allowing kathode rays to impinge on one of these non-fluores- 
cing substances afforded the most convenient method of study- 
ing this new kind of rays or this modification of the primary 
kathode radiation. The path of the new ray is rectilinear and 
it forms every possible angle with the surface from which it 
issues. The modified ray reasembles the more refrangible light 
not only in its rectilinear propagation but also by 
its power of exciting fluoresce uce. This was shown 
by several interesting experiments, for instance: — a beam of 
parallel kathode rays was allowed to enter a tube sufficient in 



(I) Fogg. Ann. 188, 323, n6tf. 
(3) Wled. Ann. 11, p. 833, 1880. 
(S) Wied, Ann. 11, p.' 833, 1880. 
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length to prevent the rays from reaching its farther end. No 
flaoreacenoe could in this case be noticed in the tube. If a 
flnorescing screen was then placed anywhere in the path of the 
kathode rays, flnoreBcence immediatly appeared not only on the 
screen bat also on the walls of the tabe. It was found that this 
modification of the kathode rays was not connected with any 
particnlar density of the gas or strength of the electrical dis- 



Another important point brought ont by the work of Ctold- 
Btein is the fact that in the much discussed fmrnel-tabes or any 
similar devices, the narrower part which points towards the ano- 
de acts as a secondary kathode. 1 ) The rays which it emits 
as well aa all the other phenomena are the same as at an 
ordinary kathode but "quantitativ gemildert". Goldstein gave 
these devices many forms for the purpose of a thorough invest- 
igation and called them secondary kathodes. 

Early in his work he had already deemed himself justified in 
speaking of rays in connection with the positive l^jht. He 
pttrsned the study of these rays by oonstructing a tube bent 
several times at right angles, thus preventing the kathobe rays 
from reaching beyond the first bend. NeTertheless he found 
fluorescence at each sncoeeding bend and if a solid was put in 
the path of the discharge towards the kathode a shadow was 
produced, while if placed in the path towards the anode it did 
not effect the fluorescence. From this Gtoldstein concluded that , 
the rays in the positive light are, like the kathode rays, directed 
from the kathode to the anode. Like the same rays also they 
produce fluorescence, are prop^;ated rectilinearly and end at a 
solid wall whereon they produce a new source of the same kind 
of rays. A discovery made the following year by E. Wiede- 
mann ( 2 ) shows that the effects on which Goldstein based these 



(1) Berl. MoDBtsber. p. 279, 1816.— Wled. Ann. U, p. S86, 18S0. 

(2) Wled. Add. 10, p. 286, 1680. 
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concluBions may, at least in part, be ascribed to some other 
cause. Wiedemann wa? working with a tube on which, oppo- . 
site the kathode and beyond the anode, there was a narrow- 
attachment bent at some distance from the main tube. When 
the cnrrent paSsed, flnorescence appeared not only at the bend 
which could be reached by a straight ray coming from the 
kathode but also at the very end of the bent tube. Qoldstein had 
discovered the deHection of the kathode rays when they pass 
near a second kathode in the tube. ( I) E. Wiedemann explained 
his results as a new instance of deflection, due to the static 
electricity gathered at the bend by the striking of part of the 
kathode ray. Qoldstein however proved that this was not a case 
of deflection but of reflection and thus had the honor of again 
disooveriT^ a new property of the kathode rays. He found that 
this reflection was diffuse like that of light from a non-polished 
surface. 

He also made a very extensive and interesting study of the 
effects produced by different shapes of the kathode on tlie 
im^es which they cast on the opposite walls of the tube. \2) 
The most important results of his experiments are the fact that 
kathode rays may cross one another and that their path is not 
always rectilinear, being modifled either by mutual repulsion or 
by an action emanating from different parts of the kathode. B. 
Wiedemann (3) showed lateron that the flrst of these two expla- 
nations could not be admitted because the apparent repulsion 
still took place if one of the rays was cut off; thus the cause of 
the effect had to be traced to the kathode itself. 

In connection with the striated discharge, Goldstein (4) de- 
monstrated that the distance between the layers is a function 
of the diameter of the tube and of the gas-pressure. Though 



(1) Berl. Monateber, p. 3S5, 1876. -WIed. Beibl. 4, p. d83S, 1880. 

(2) WIed. Ann. 15, p. 246, 1882.-15, p. 254, 1882. 

(3) E. Wiedemann & H. Ebert, Wl(;d. Ann. 4ri, p. 1G8, 1882. 

(4) Wied. Ann. 15, p. 277, 1882. 
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he conld not find the exact expreBsioa for the 'Utter fnnction, 
be BTicceeded in showing that Sir W. Crookes was wrong in 
supposing it to be — where p represents the density of the 
gae. 

la his earlier papers, GoldetRin ( 1 ) had already noticed that 
the regular kathode conld hi- replaced in a tube by any sub- 
stance perforated with a nnmber of small holes. Somewhat la- 
ter,) 2) while working whitha kathode of this nature,he discover- 
ed Dear the kathode some rays not deflected by a magnet. From 
the place of their origin he called them "Canal Rays". 

III.— Othbb Obsebvebs. 

Although Hittorf and Goldstein did the most important work 
during this period, they are far from being the only ones who 
labored in this exteneive and interesting field. There are even 
some whose work received mnch greater notice than theirs, 8ir 
William Crookes for instance. This was due partly to the fact 
that the discoveries of Crookes were of a kind that readily 
appealed to the popular mind; whereas the others were too abs- 
truse to receive general attention. 

The impossibility of giving a detailed analysis of the work of 
all the experimenters makes it advisable to group their many 
observations under different headings. This will avoid all 
unnecessary repetitions and at the same time give a more 
general view of the subject under consideration. 

The observed facts may be grouped into four classes: — 

1. The general phenomena and the properties of the dis- 
ohaige. 

2. The factors of the diachai^ and their mutual relations.- 
Under this beading will be grouped the conductivity of gases, 



(1) Wted. Ann. 11, p. 632, 1880. 
(3) Berl. StUu])gsb«r. S7, p. SDl, 
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the discharge-potential, the fall of potential ia the different 
parts of the tube, the current-inteaBity, the inflaence of the gas- 
pressare and the size, shape and nature of the electrodes. 

3. The external causes that ingueuce the discharge or the 
accompanying phenomena, such as resistance, heat, a magnetic 
field, an electric field, ultra-violet light, etc. 

4, The effects of the discharge and of the different rays pro- 
duced in a vacuum tube, such as mechanical, chemical and 
optical effects, secondary radiation, etc. 

1. Genbbal Phenomena and Pbopebtie8. 

The general appearances in the tube and the various charac- 
ters capable of being assumed by the dischai^e again claimed a 
oertain amount of attention. They were studied under slightly 
altered circumstances but the results failed to reveal anything 
new, hence it will be sufficient to make but a mere reference to 
them. (1) 

Ihtring this period the question as to whether the electrical 
discharge was continuous or intermittent in character was 
extensively oonBidered. Or. Wiedemann and R. Suehlmann, (2) 
while studying the light in the tnbe by the use of a heliometer, 
reached the conclusion that the discharge was always intermit- 
tent. The same view was held by E. Wiedemann, (3) E. Gold- 
stein, (4) Warren de la Rue and H. Mueller, (5) and E. Fer- 
net. (6) But Hittorf (7) and Hertz (8) Showed rather definite. 



(1) O. Lebmann, Wied. Add. 11, p. 686, 1S80.— 29, p. SOfi, 1881. Warren de 
la Rue ud H. Mueller. Proc. Roy, 8oc. 35, p. 292, 188S. Crookea. Ohem. 
NewB. 89, p. 15S, 1876.-03, 1891. C. Chree, Proc. Pbil. Soc. Cam. 7, p.323, 1B91. 

(2) Pogg. Ann. 146, p. 2S6, 1673. 

(5) Wled. Ann. 10, p. 246, 1680. 
(4) Wied. Ann. 13, p. 101, 1881. 

{6) Ann. do Ct. et de Phys. 24, p. 461, 1881.— Phil. Trans. 168, p. 22B 
1878.— 0. R. 86, p. 1078, 1878. 

(6) C. R. 90, p. 680, 1860. 

(7) Wled. Ann. 7, p. 553, 1879. 

(8) Wled, Ana. 10, p. 762, 1883. 
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1; that a battery discharge through gases was not to be looked 
apon aa diBoontinaoua any more than if it occurred throngh aa 
entirely metallic circuit. 

J. T. Bottomley (1 ) described the property of a vacuum tube 
to act like a condenser when held in one hand or surrounded by 
a conductor. 

The discharge in the tube is propf^;ated with a finite velocity. 
This was already studied by Wheatstone. J. J. Thomson (2) 
also investigated this velocity and determined its value for the 
propagation of the positive light towards the kathode- This 
value was found to be about half that of the velocity of light, 
viz. X.6 X lO"" cm/sec. 

Most of the other observations refer to the kathode rays and 
their effects, mainly to fluorescence. Orookes (3) described the 
apparent mutual deflectibUity of two kathode rays and the 
peculiar phenomenon known as the tiring of the glass, a pro< 
perty which prevents the glass from fluorescing with the same 
intensity after having been exposed for some time to the 
influence of the kathode rays. This tiring is very persistent. 

Spottiswoode and Moulton (4) obtained peculiar shade V 
effects which they explained as interference of the kathode 
rays. 

2. Faotobs op the Disohahge. 

The resistance of a gas was shown by G-. Wiedemann (5) to 
be independent of the cross-section of the column of gas. War- 
ren de la Rue and Hugo Mueller (6) found that there is no 



(1) NM. 88, p. 21B, 1880. 

(3) Froc. Ttoj. Soc. 49, p. 94, 1891. 
(8) CIi«iB. NewB, 89, p. IGS, 1679. 

(4) Wlea. Belbl. 8, p. 78, 1884. 

(5) Fogg, Ann. 168, p. 68, 1876. 
(«) C. R. 86, p. 1078, 1878. 
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relation between the E. M. F, and the current-inteTig'ty in rare- 
fied gases. Hittorf (1) also reached the same restilt and, with 
regard to the ponitiTe light in particular, stated that the 
difference of potential between any two cross-sections does not 
depend on'the intensity of the current. He dre* the couclnaion 
that the conductivity in the positive light increased proportlo- 
'bately to the current-intensity. 

The question concerning the condnctivity of a complete' va- 
'cimm wss -again discnssed during this period. J. Puluj (2) 
thought that -a vacnmn would be a conductor and thtrt the 
4«6i6taiice of high vacua is due to the electrostatic cbai^ on 
the walls of the tube. According to Edlund" also, there is no 
resistance in a vacuum. But to this, K. Krayewitsch (3) 
objected that in extreme vacua the discharge-potential f^ain 
yariee with the distance between the electrodes and that highly 
evacuated funnel-tubes still show a .great difference of conduc- 
tivity with different connections. 

The distribntion of reswtance in the tube is far from being 
uniform. It is found mostly near the electrodes and mainly on 
tiie kathode, as shown by Hitterf, (4) Warren de la Rne and 
Hugo Hueller (5) -and E. Goldstein. (6) The last named auihcd* 
stated very clearly that the real resistance in a highly evacuated 
tube is on or in close proximity to the kathode surface.- This 
resistance can be reduced in several ways:— one isbyusttig a 
kathode which can be heated to white heat; -another ingenious 
method adc^ted by Goldstein was to use an mverted U — tube 
on whose electrodes some cadmium was placed. If the exhaus- 
tion was too high, the discharge again took place as soon as a 



(1) WIed. Ann. 7, p. 678, 1879.— 20, p. 729, 1883. 

(2) BitzungBber. der Wteo. Akad. der WIis, Ste Abt 86, p. 671, 1382. 
(8) Rep. der. Phys. 19, p. 118, 1888. 

(4) Wied. Ann. Jubelb. p. 4S0, 1874. 

(5) Proc. Boy. 8oc. 86, p. 293, 1B8S. 

(6) WIed. Add. 34, p. 79, 1886. 
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little o£ the cadmium liad been evnporated by heating, althougli 
cooling devices, whose efficiency waa'testedby the spectroscope, 
were used to confine the vapor to the immediate neighborhck^ 
of the kathode. 

This great resistance at tlie kathode means a rapid fall of 
potential in the same r^on; under this aspect it was also 
studied by A. Righi. (1) 

The conductivity of gases in general began to receive con- 
siderable attention dnring this period. £. Becquerel (2) had 
found that gaaes begin to be conductors of electricity when they 
become red hot. Or. Wiedemann (3) extended this discovery 
by finding that the heating of a tube considerably lowers the 
amount of electricity necessary for a discharge. 

R. Blondot, (4) characterized the conductivity of hot gases as 
galvanic. The conductivity of flames also was investigated by 
W. Hittorf, (5) A. Macfarlane and D. Eintoul, (6) Mascart (7) 
and Angelo Nob. Emo. (8) In the same article the last men- 
tioned author treated likewise the conductivity of damp air, 
which subject was also taken up by Macfarlane and Rintool. (9) 

I-n many respects the resistance of gases is different from 
that of solid or liquid conductors. The smallest electro-motive 
force is sufficient to set up a ourrent in a solid conductor, 
whereas to obtain a current in gases, the electric tension at the 
electrodes must first attain a definite value, which varies with 
the nature, density and temperature of the gas. G. Wiedemann 



(1) Naovo Cim. 8, p. 98, 1880. 

(5) Ann. Ch. Phya. (8) 89, p. 877, 1898^ 
(8) Fogg. Ann. 158, p. 68, 1870. 

(4) C. R. 92, p. 870, 1882. 

(6) Wled. Ann. Jubelb. p. 480, 1874. 
<«) Proc. Ed. Roy. 8oe. p. 861^ 1'882. 

(7) C. R. 96, p. 917, 1883. 

(8) Rlv. Sclent, lad. FIrenze, 15, p. 67, 1888. 

(9) Proc. Ed. Roy. Soc. p. 801, 1889. 



)vGoo'^lc 



26 Chapteb II — Factobs op the Dichabob 

aad E. Euehlraann (1) studied this potential and fonnd that a 
h^her one was required to start the discharge at the positive 
than at the negative electrode. It was also investigated by 
Macfarlane acting alone (2) and in connection with R. Simp- 
son (3) and P. M. Playfair. (4) W. Hittorf held the view that 
some finite potential was always required to set up a current in 
a gas. But A. Schuster ( 5) attacked this opinion, maintaining 
that the smallest electro-motive force is sufficient to bring about 
this current. The fact, that in reality a very great electro- 
motive force is required, would be due merely to the resistance 
at the electrodes. If this could be obviated, the current, it was 
supposed, would pass readily. A means of doing away with the 
electrodes was found by J. Moser (6) who succeeded in exciting 
a tube by the induction produced in the tube itself. Contrary 
to the expectations of many, high vacua resisted this current as 
well as the ordinary electrode current. J. J. Thompson ( 7 ) 
also studied this new way of obtaining a current in a vacuum 
tube; curiously enough he never succeeded in obtaining any 
Btriation by this method. 

The electricity necessary for the current may also be supplied 
by influence as had already been shown by Piuecker. (8) This 
was again treated by J, T. Bottomley, (9) apparently without 
any knowledge of Pluecker's work. 

E. Wiedemann ( 10) studied the effect of varying the distance 
between the electrodes at constant pressure; he succeeded in 



(1) Fogg. Ann. 145, p. 280, 1873. 

(2) Ed. Roy. Soc. TraoB. 29, p. 6S8, 18TT. 

(8) ZM. Roj. Soc Trans. 38, p. 678, 1877. 
(4) Ed. Roy. Soc. Trans. 38, p. 679, 1877. 
(6) Proo. Roy. Boc. 48, p. 371, 1887. 

(6) C.R. no. p. 897,1880. 

(7) Electrician, 27, p. 1S9, 16B0.— Phil. Mag. 83, pp. 821, 44&, ISSl. 
(6) Fogg. Ann. 107, p. 81, 18S9. 

(9) Etootriciaa, 28, p. 468, 1692. 

(10) Wied. Ann. 30, p. 7B6. 1888. 
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arranging his apparatas in such a manner as to allow him to 
vary the dlBtanoe between the eleotrodes continaoosly. As the 
anode moT^s towards the kathode the positive layers do not 
change their position bnt disappear one alter the other as the 
anode enters them. When the last layer has disappeared and the 
anode has entered the dark space, a bmsh appears on the latter. 
This brash is bent back when the negative glow is entered. As 
Boon as the kathode dark space is reached, the negative light 
appears back of the kathode and fluorescence is seen on the 
glass behind the same. 

3. ExTBBNAL Influences. 

Some new facts were discovered concerning the influence 
of a m^;net on the electric discharge and the kathode rays. 
J. J. Thomson (1) verifled those already known, parti- 
cularly those dealing with the production of striation in 
the positive light and foimd, moreover, that the place at which 
the negative glow appears on the electrode is changed by a 
magnet. W. Spottiswoode and J. F. Moulton (2) discovered 
the interesting fact that under some circumstances, the kathode 
rays are brought to the walls of the tube, not at one particular 
spot but at a whole series of them, as was proved by the fluores- 
cence; in their case the magnet was put close to the kathode. 

Pluecker (3) had already described the effects that take place 
in the tube when the walls are touched by the hands of the 
operator. When the finger or some other conductor is brought 
near the tube, the light therein is generally attracted but some- 
times repelled. Pluecker thoi^ht be could trace this difference 
to the nature of the gas and the special form of the tubes. But 
this was shown to be wrong by Edm. Beitlinger and Alph. von 



(1) Proc. Cainb. Phil. Soc S, pt. 6, p. 8B1, 1886. 

(2) Proc. Roy. Soc. Lon. 
(8) Pogg. Ann. 101, p. 121, 18G8. 
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Urbanitzki (1) who named the double phenomenon "electro- 
Bttmotion" and "electro-repulsion" respectively, They found 
that the effect depended mainly on the pressure of the gas. At 
high pressures there was eleotro<attractioQ, but by gradually 
lowering the presBure a point was reached where no effect was 
noticed; at all points below this, electro-repnlsiott occurred. 
The effect is infiuenced, moreover, by the current-strength 
and by resistance inserted in the circuit. It is of an electric 
nature and preceded by some other effect due to influence, as 
the conductor is brought near the tube, but it cannot oome 
from the presence of free electricity since it is not produced 
by a charged non-oonductor. 

Another result brought about by approaching a conductor 
is the production of a new kathode at the very place where 
the tube is touched. This was noticed by K. Domalip. (2) 
W. Spottiswoode and J. F. Moulton. (S) The two last named 
authors also observed that this new kathode showed a dark 
space and possessed the other properties of an ordinary 
kathode. 

4. Effects of the Dischabgb. 

Hbatinq — G-. Wiedemann and B. Buehlmann (4) learned 
that the heat produced by a current in r&refied gases varies 
directly as the current-intensity and not as the square of this 
same current-intensity, as regiured by Joule's law for solid 
conductors. Subsequently G. Wiedemann (5) studied the 
besting effect of the current more extensively. The heat 
produced on capillary tubes increases as the gas-pressure in- 



(1) Wiener Ade. p. 100, 18TT.-Wled. Ann. 10, p. ST4, 1880.-1S, p. QTO 



(2) Bitzuogaber. der E. Boebm. Akad. der WIbi. Jnlj, 3 
(8) Prcw. Roy. 8oc. S», p. 81, 1879.;-Phn. Trana. 1879, 18 

(4) Fogg. Ann. 145, p. 287, 1872. 

(5) Fogg. Ann. 1S8, pp. 60, 262, 1876. 
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, but somewhat more slowly. The heatii^ on any 
oro3S-sectioD of a long or small capillary tube is almost the 
same between lai^ limits of the respective lengths of the tube. 
Tubes of different inner but same outer diameter receive 
nearly equal qoantiti^ of heat, but the temperature is not 
equal in the several parts of t'.ie same tube:-that in the dark 
space being notably lower than that of the brighter parts. 
From his studies of the heat effects in rarefied gases, E. 
WiedemaQQ (1) reached the following conclusions: — The 
spectrum given by the light in a vacuum tube is not necessa- 
rily due to high temperature; a spectrum may be obtained 
even at temperatures below 100°O. If these statements are 
referred to the avenge temperature of the gas at any place in 
the column of light, they are, no doubt, true. But from this 
it would be wrong to conclude that a light-emitting atom or 
other small particle of gas does not exceed these temperatures. 
The low values given by E. Wiedemann contrast rather strongly 
with those given later by Paalzow and Neessen, (2) who found 
that tho temperature in rarefied gases ranged between 10 000° 
and 100 000° under the influence of the electric discharge. "Wie- 
demann also found that the passing from the band spectrum to 
the line spectrum requires 128 300 calories per gram for hydro- 
gen, and in connection with this that the heat of dissociation 
of the hydrogen molecule is 126 000 Ot. D. units of heat. The 
study of the relative temperature of the different parts of the 



(1) Wled, Ann. 5, p. 500, 187^—6, p. 898, 1979.— 10, p. 202, 1880 30, p. 

TBB, 1888. 

(2) Vcrh. der Gea. D. NACurf and Aerzte, 68 Vers, zu Bremeo, p. 61, 18S0. 
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tnbe gave the general results represeated by the following cur- 




Kathode 



Anode 



Immediately near the kathode the temperature is very high; 
but this part of the curve could not be traced very accurately. 
The masimom always falls well within the kathode light and 
consequently its position depends on the extension of this light. 

D. G-oldhammer (l) learned that the total heat developed 
under the Influence of the electric dischai^e depends in a great 
measure on the current-intensity but not oa the gas-preeeure 
whereas the relative temperature of the electrodes depends on 
the gas-pressure. As this pressure is increased, the tem- 
perature at the kathode at first becomes equal to and then lar- 
ger than that at the anode. This heating of the electrodes was 
also studied by A. Naccari and G. Guglielmo. (2) 

The heat developed by the striking of kathode rays may be- 
come intense enough to melt glass and platinum. (3) 

The kathode rays produced in high vacua give rise to a vivid 



(1) Journ. der Raai. Phys.— Ohem. Oea. 8, p. 835,1884. 

(2) Nuovo Cim. 17, p. 1, 1836.— Atti della R. Ace. di Torino, 5 



(8) W. Crookea, Chem. News, 89, p. 15B, 1879— H. A. Cunningham, Nat, 
19, p. 458, 1879. 
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flaoresceiice on the glass of the tube and in many BnbstanceB. 
This was explainod by Crookes (1) as due to the impinging of 
radiant matter; by Q-oldstein (2) as a result of the ultra-violet 
light produced by the kathode rays; by Puloj (3) as coming from 
an action of the ether carried along by the movii^ particles on 
the ether on the surface of the flnorescing bodies. 

The spectrnm given by these fluoreaoing substances is gen- 
erally con tinoous but Crookes (4) found that some of the rare 
earths give a band spectrum. On this observation he founded 
a new branch of spectrum-analysis. 

In some cases, the continued impii^ing of the kathode rays on 
a fluorescing substance causes a distinct change of color; in 
others different spectra may be given by the same substance. 
Crookes claimed for these bodies a different fluorescence in dif- 
ferent vaciia. But E. Wiedemann (5) showed that all the facts 
could be easily explained by a change in the physical or chemi- 
cal condition of the body; for instance, by the loss of water of 
crystalization which would naturally increase with the vacuum. 

Crookes and Hittorf obtained the condition of vivid fluores- 
cence only at very high vacua and in, the opinion o£ the former 
especially, these high vacua where matter became radiant were 
absolutely required, In connection with this it may be in- 
teresting to note that D. Goldhammer (6) began to obtain the 
same conditions at pressures ranging from 1.2 to 0.9 mm of 
mercury. 

A peculiar case of fluorescence was found in the so-called 
after-glow of some gases, which had already been extensively 



(1} Chem. Newa, 33, p. 153, 1378. 
(3) Wien. Ber. 80, IBTB. 

(3) WUd. Ber. 81, April IS, 1880. 

(4) Chem. News, 47, p. 261, 1888.— Radiant Matter Spectroacopy. PhU. 
TrtiM. 1888-1885. 

(6) Wied. Ann. 9, p. 1B7, 1880. 

(6) Jour, der Rubs. Phys.— Chem. Qea. 6, p. 32B, 1881. 
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Btadied in the previous period. Since then some attempts bad 
been made to prove that thiB effect was dne to secondary dis- 
charges from the walla of the tube; bat E. Warbm^(l) showed 
that the older explanation, which attribnted it to a chemical 
action, was still more satisfactory. 

Mbohanioal Effects.— A.de la Rive (2 ) aucceeded in rotating 
a pair of vanes monnted in a vacuum ttibe by directing the dis- 
cha^e on them with the aid of a mafi^et. Six years later Sir 
W, Orookes (3) illustrated the same property of the kathode 
rays by several striking experiments. But it must be remarked 
here that, althongh the so called bombardment may contribute 
to the rotation, it is not the only cause of it. Thus W.Hittorf (4) 
showed that the heat produced on the radiometer- vanes is of itself 
sufficient to cause rapid rotation. Moreover the phenomenon is 
still complicated by an electrostastic action between the char- 
ged walls of the tube and the radiometer itself. Another ar- 
rangement of these experiments, made both by Orookes and 
Poluj, (5) is to make the wheel of the radiometer the kathode 
of the discbai^ by covering every alternate side with a fluores- 
cing screen so that the kathode rays will be produced only on 
the opposite sides. But this is.still more complicated than the 
previous one sinoe the heat produced on the walls of the tube 
by the impinging kathode rays is again a new cause in- 
fluencing the rotation. 
Chbhioal Effects. — Many chemical compounds undei^cfaan- 
ges when subjected to the influence of an electric discharge 
throagh gases; bnt it is hard to determine how far these changes 
are due to purely electrical causes since there cannot be any 
doubt that the intense heat caused by the electric discharge 



(1) Arch, de a«a. 13, p. 604, 1884. 

(2) Aua. de Ch. et de Phya. 29, p. 207, 1873. 
(8) Phil. Trana. p. 153, 1879. 

(4) Wled. Ann. 21, p. 125, 18P4. 

(5) Radiant Electrode Matter. PhyB. Soo. Beprlnt of Hemolra. p. 27S. 
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aad particnlarl; by the kathode rays is a great factor in che- 
mical chaage in general. 

In a very great number of gases the more complex molecules 
are broken op into simpler ones and quite frequently into the 
simplest possible. Bat conversely, if a misttire of different 
gases is exposed to the discharge, chemical combination may 
take place between them. These several changes are not con- 
fined to gases, bnt may also be effected in solids with which 
the gases come into contact: thas a chemical action has 
sometimes been noticed on the oouBtitueuts of the glass- walls - 
and the electrodes of a vacuum tube. 

A third action of a chemical nature is seen in the frequent 
changing of oxygen to ozone. Phosphorus is similarly affected. 

Moreover there is evidence of a transfer of gases from one 
electrode towards the other; this often assumes an electrolytic 
character and may cause a different degree of vacuum in the 
different parts of the tube. 
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CHAPTER III 



Third Period 



The interest daring this period centers mainly around the ka- 
thode raye and the several causes that brii^ about the conduc- 
tivity ©f gases. The nature of the former was largely discussed, 
their properties were studied in a masterly way by Ph. Lenard, 
their effects and particularly secondary radiation and Roentgen 
rays opened new fields for investigation. The stupendous 
amount of the literature on this general subject during this pe- 
riod will not allow of more than a passing reference to most of 
the work. Physicists all over the world have investigated the 
laws governing the dischai^e of electricity through gases; they 
have tried to bnild up a theory which would account for all 
known facts and have investigated many new phenomeaa. 

This chapter will be devoted mainly to the historical review 
of the question of conductivity and to the study of kathode 
rays. In the latter part, the work of Lenard will receive special 
attention on account of its importanoe. 

I. CONDUOTIVITT OP GaSBS. — IONIZATION. 

A. — Influesob op Ultra-Violet Light on &ase6. 
In studying the resonance-phenomena between very rapid 
electric oscillations, H. Hertz (1) accidentally discovered that 



(1) Wied. Ann. 31, p. 988, 1887. 
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one spark greatly facilitated the formation of another. He 
traced the eEFeot to ultra-violet light and espressed the desire 
that this subject should be stadied under simpler conditions. 
This wish received the response that such an important disco- 
very deserved. Eilhard Wiedemann and H. Ebert (1) were the 
first to publish the results of their investigations. Ultra-violet 
light may facilitate the discharge in the proportion of 2:1. The 
greatest effect is noticed when the kathode is illuminated; the 
illmnination of the anode gives much smaller results and when 
the action of the ultra-violet light is confined to the intervening 
gas by carefully excluding refiection, the effect does not take 
place. The active light lies mainly beyond the visible spectrum 
but for carbon dioxide the maximum effect was obtained with 
the wave-lengths between the G and K lines. The part of the 
arc which proved most effective is that on or in the immediate 
vicinity of the positive carbon. The effect was explained as a 
sympathetic action between the ultra-violet light- waves and the 
very short wave-lenghts which, in their theory, are the kathode 
rays. Experimentii^ with different metals and liquids they 
found that, when the kathode is a substance which readily ab- 
sorbs nltra-violet light, the effect is greatest: thus amoi^ the 
ordinary metab the most effective was found to be platinum. 
Pure water produced little effect, whereas solutions showed a 
result in proportion with their absorptive power. Aniline dyes, 
which readily absorb ultra-violet light, produce very strong 
effects. 

Hallwachs (2) studied the question from another standpoint 
and thus discovered what has been known ever since as the 
"Hallwachs Effect". A n^atively chained body is rapidly and 
in some cases almost instantaneously discharged under the in- 



(1) Wied. Ann. 83, p. 241, 1888.-85, p. 209, 1 
(8) Wied. Ann. 88, p 80], 1338.— 84, p. 781, 1 
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flnence of nltra-violet light. Hallwacha has definitely ests- 
blished that this effect is due to ultra-violet light and that it 
occnre at the finrfaoe of the chatted body. If a 
poeitiTely charged body is put into the path of the 
light, the loss of electricity is scarcely observable but if the 
body is not electrified, it vill acquire a small positive charge. 
This is owing to the n^atlve electricity liberated under the 
infiuence of the ultra-violet l^ht. Whilst working with electri- 
fied liquids, the same experimenter confirmed E. Wiedemann 
and H. Elbert's conclusion that there is a direct relation bet- 
ween the absorptive power of a body for ultra-violet light and 
the rate of discharge. 

Other important work was done in this line by A. Righi, (1) 
Stoletow (2)ElBterandGeitel, (3) Lenard, 14) Hoor, (5) and 
many other physicists. (6) The principal fEicts broi^ht out 



(1) 0. R. lOe, p. 1849, 1888.— 107, p. 656, 1888.— Jour, de Phys. 7, p. 168, 
1888.— Rend. deLla R. Ace d«i Llacel, 4, p. 16, 1888.,-6, p. 185, 1888.— 
Einer Rep. 26, p. 16S, 880, ISSS.—AtU del R. 1st. Ten. 7, 1886.— Mem. RoL 
9. 1888.-10, p. 86, 1890. 

(2) 0. R. 106, p. 1140. 1888.— 106, p. 1598, 1888.-107, p. 01, 1888.— 108, p. 
1341, 1889.— Jour. derRiias.Plir8.—Cliem.OeB. 21, p. 159, 1839.— Jour, de 
Phys. 9, p, 4tf8, 1890.— Bull 8oc. Fr. de Phya. p. 302, 1800. — Phys. Rev. 1, 
p, 721, 1892. 

(8) Wieo. Ber. 97, p. 1176, 1888. — Slizungeb. der Wi«a. Ak. Hath.— 
Natorw. CI. 99, p. 1006, 1861.— Wled. Ann. 88, p. 40, and 497, 1889.— 89, p. 
821, 1890.— 41, p. 161, 1890.— 42, p. 584, 1861.— 48, p. 385, 1891.— 44, p. 722, 
1891.^6, p. 281, 1892. 48, p. 625, 1893.-52,p. 433, 1894.-fi5. p.684, 1866.- 
57, p, 24 and 401, 1896.— 62, p. 696, 1897. 

(4) Lenard and Wolf, Wied. Ann. 87, p. 448, 1889.^LeDard, Wien. Bar. 
108, p. 1S48, 1886. 

(B) Wien. Ber. 97 p. 719, 1888.— Esnec Rep. 25, p. 105, 1889. 

(8) Bichat and Blondlot, V. K. 106, p. 1849, 1888. Bichat, C. R. 107, p. 
557. 1888. ArrhenluB, Wied. Ann. 88, p. 638, 1888. Borgmann, C. R. 108, 
p. 788, 1886. Branly, C. R 110, p. 751 and 898, 1860.-116, 741, 1868.— 
—114, p. 68, 1892.— 120, p. 826, 1896.— Lnm. El. 41, p. 148, 1891.— Jour, de 
Phyi. 2, p. 300, 1898. Precht, Wied. Ann. 49, p. 160. 1893. Cantor, Wien. 
Ber. 102, p. 1188, 1898, Warburg, Wled. Ann. 69. p. 1, 1Q66. — Drude 
Ann. 8, p. 811, 1901. Simon, Wien. Ber. 104, p. 586, 1896. Jaumann, Wied- 
Ann. 62, p. 806, 1897. Q. C. Sclimidt, Wled. Ann. 68, p. 407, 1897.-64, p. 
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by this study are the following: — The effect may be produced 
by any soaroe o£ light that will furnish ultra-violet rays. Those 
rays that cause the disoharge are always absorbed but the ab- 
sorption is not necessarily accompanied by the discharg©. The 
effect of polarized light depends to a great extent on the posi- 
tion of the plane of polarization, showii^ two maxima and two 
minima. The minima occur when the plane of polarization 
coincides with that of incidence for the ray of light. The max- 
ima occur for positions which differ from the previous ones by 
an angle of 90 degrees. 

The loss of electricity is also greatly influenced by the physi- 
cal condition of the surface experimented on, being greater for 
highly polished surfaces. The surfaces themselves are attacked 
and sensibly roughened by the action of ultra-violet light. This 
phenomenon led to the almost general belief that the discharge 
was brought about by the so-'caUed "Zerstaeubung" of the elec- 
trode. Ph. Lenard (1) did not look upon this as probable and 
began a series of experiments to discover the true nature of this 
. action of the shorter wave-lengths of light. He first construc- 
ted a tube with a quartz window that allowed the ultra-violet 
light to strike one of the electrodes. This electrode was made of 
sodium amalgam and could be charged to any desired potential. 
The opposite electrode was of platinum. After the platinum 
electrode had been charged negatively by castii^ a beam of 
ultra-violet light on the sodium amalgam, it was taken out and 
tested for sodium in the spectroscope, Althoi^h 3X 10'' mg. of 



106, 1898. Henry, Froc. Cambr. Phil. Soc. 9, p. 401, 1898. Buiseoa, C. B. 
IST, p. S24, 1898.— ISO, p. 1298, 19(K>. Zelea;, Phil, Mag. 45, p. ST3, 1899 
ButhBrforil,Proc. Cambr. Phil. Soo. 9, p. 401, 1899. Schweldler, Wien 
Ber. 107, p. 881, 18B8.— 108, p. 378, 1899. J. J. Thomaon, Phil. Mag. 48, 
p. M7, 1899. Merrltt and Stewart, Ptys. Bev. 11, p. 230, 1900. Quthe, 
Dmde Ann. G,p.818, 1901. Kreuelftr, Brude Ann. 6, p. It08, 1901.-6, p. 
412, leol. £. Ladenburg, Drude Ann. 12, p. BSB, 1903. 
(1) Drade Ann. 3, p. 359, 1900. 
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Bodium may easily be detected in this way, not the slightest 
trace of it was noticed on the platinnm. Another proof against 
the Zerstaeubang theory dearly appears from the tact that if 
the kathode is charged anywhere from 1 to 45,000 volts, the cou- 
lomfoe discharged per second represent a constant quantity of 
about 22.exiO-^» . By inserting a screen with a hole in the cen- 
tre between the kathode and the antikathode. he still obtained 
negative electrification on the latter from the beam of rays that 
could reach it. Applyii^ a mi^net to' this beam, he saw he 
could deflect it in such a manner as to canse electrification solely 
at the place to which it had been deflected. From this he con- 
cluded that ultra-violet light produces kathode rays on negati- 
vely electrified bodies which it dischargee. The velocity of 
these kathode rays is smaller than that of those produced in an 
ordinary vacnum tube and changes with the potential to which 
the kathode is chained. The following table gives some of the 
values: — 

Chaise of the kathode in — volts. Velocity. 

607 0.12X101" cm per second- 

4 380 0.32X10"' " " 

12600 O-SIXIO"" " " 

The maximnm velocity of the rays obtained by this method 
was 10* cm per second. 

Ultra-violet light has also a direct effect on gases, serving to 
make them conductors by producing in them what Lenard has 
styled "Electric Carriers". This process is more generally 
known as "Ionization" and was studied by Arrhenius, (1) Bran- 
ly (2) and especially by Ph. Lenard. 

Lenard (,3) was the first to find that the very short wave- 
lengths between 0.00014 mm and 0.00019 mm produce foxing, 



(1) Wied. Ann. 88, p. ASS, 1888. 

(8) 0. R. HO, pp. 751, 898, ISW.— 130, p. 889, 1866. 

(8) Drude Aon. 1, p. 488, 1900.^ 8, p. 288, 1900. 
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form ozoue and make the gas through which they psBS a good 
conductor. The best source of these rays is incandescent hydro- 
gen though the; are also contained in an alumininm spark gap, 
the arc-light and the rays of the sun. A positively charged 
body placed near the path of these rays is rapidly discharged. 
This discbarge is accelerated if the air acted on by ultra-violet 
light is directed towards the electrified body. Under the influ- 
ence of this light both positive and n^ative carriers are pro- 
duced. The initial velocity of the latter is much greater than 
that of the former and according to Lenard's estimate rai^s 
from 10^ to 10 8 cm per second. 

B. — iMFLDBIfCE OF HeAT OH CONDTIOTIVITY. 
The increase of conductivity by heat, which had been known 
and investigated during the previous period, still contiijued to 
receive a considerable amount of attention. (1) In connection 
with this subject it was learned that all gases may be classified 
under two general heads, viz.: 1. Those that conduct with 
difficulty even at the highest temperatures, as air, nitrogen> 
carbon dioxide, ammonia, and the vapors of sulphuxic acid, of 
tin and of mercury. 2. Those that readily allow the passing 
of a current, such as the halogens, hydriodic acid, hydrobromic 
acid, hydrochloric acid, sodium chloride and potassiun chloride. 
The cause of this diversity of behavior is probably thedecomposi- 
tion of the second class of gases and vapors into electric carriers. 
Those of the first class are simply broken up into less compli- 
cated molecules which take part in the transfer of electricity 
only by convection. 



(I) J. J. ThomBon, Phil. Mag. 5S9, p. 859, 1890.— 29, p. 441, 1890. Branly, 
C. R. 114, p. 881, 1898.-114, p. 1581, 1892. Braun, ZeitBchr. (uer Phya. 
Glieni. 18, p. 165, 1804. Pringshelra, Wled. Ann. 56, p. 507, 1895. Merrlt 
and Stewart, Phya. n«v. 7, p. 129, 1899. J. Stark, Wled. Ann. 68, pp. 931 
aad 942, 16»9. Die Blektrlsltaet in Gaaen, Leipzig, 1902. Arrbealiu. Wted. 
Aon. 42, p. 18, 1891. 
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Leiiard{l) calculated the velocity of the positive carriers 
or ioDB in a flame ( 2) and found that for Hthitim it was 108 cm 
per eecond for 1 volt/cm. His method did not show any evi- 
dence of negative carriers probably on accomit of their high 
velocity. This was computed by M. Mareau (3) and shown to 
be greater than 1200 cm/Bee. per volt/cm. 

O. Ihpldbnob op Kathode Batb on Cohduotitity. 

The ionization of a gas under the influence of kathode rays 
was studied chiefly by Ph. Lenard, (4) Des Oondres, (5) E. 
Wiedemann and G. O. Schmidt, (6) Arnold, (7) McClennan, (8) 
Townsend (9) and Durac. (10) 

The absorption of the kathode rays is, according to Lenard' 
proportional to the masa-Iengths of a gas. Its effect is an ioni- 
zation which remains in the gas for some time. McClennan 
proved this ionization to be the same in all gases at the same 
density. Prom this Lenard aoncluded that there is a relation 
between the absorption of theiathode rays and the conductivi- 
ty resulting therefrom. Ihirac found that the number of pairs 
of ions produced in 1 cm of gas at 1 mm pressure is 0.43 for one 
kathode quantity. This is about one fiftieth of the value that 
had been previously given by Townsend. 



(1) Drnd Ann. 9, p. M3, 1802. 

(2) crr.alHoK.WeBendonck,Wied.Aiin.6e,p.iai,18M. J. A. McClelland 
Phil. Mag. 40, p. 89, 1898. H. A. Wilson, Phil. Trana. Roy. Soc. Lond. 192, 
p. 499, 1B99. 

(3) C. R. 184, p. 1675,1802. 

(4) Wied. Ann. 68, p. 255, 1895.— 68, p. 253, 1897. Drnde Ann. 12. p. 440 
1908. 

(6) Wled. Ann. 62. p. 148, 1897. 

(6) Wled, Ann. 62, p. 468, 1897.— 68, p. 880, 1898. 

(7) Wied. Ann. 61, p. 827, 1897. 

(8) Zeitachr. f. Pliy^ Chem. 87, p. 613, 1901. 

(9) PJiil. Mag. 1, p. 198, 1901.-8, p. 557,-1903.-6, p. 889, 1008. 

(10) Phil. Mag. 4, p. 89, 1902. 
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This ionization of the gas by kathode rays has famished a 
consistent explanation of many of the phenomena that occur in 
vacnnm tubes, mainly with regard to the striated and the non- 
striated positive light, the different dark and luminous layers 
of the discharge near the kathode, etc. These different pheno- 
mena will be discnssed in the subsequent chapter; thus a mere 
reference to the theoretical work done along this line will be 
sufficient at this place. (1 ) 

D. — Infldbsoe op KoaNTQEN Kayb on Condootivits. 

The ionization of a gas may be brought about directly by 
Boentgen rays and indirectly by the so-called secondary radia- 
tion which they produce. 

The direct ionization by Eoent^en rays was one of the first 
properties of these rays observed by their discoverer. (2) 
This property was so evident that Roentgen believed himself 
justified in questioning Lenard's work on ionization by kathode 
rays. The d^ree of ionization depends greatly on the intensity 
of the rays and is proportional to the pressure of the gas. 

The secondary rays produced at the surface of any body on 
which Roentgen rays impinge, are generally better ionizing 
agents than the primary rays themselves on account of their 
higher coefficient of absorption. Ever since the day of the dis- 
covery of these rays they have been lai^ely used as a primary 
or secondary source of ionization and studied as such, (3) 



a) J. J. ThomBon, Phil. Mag. 60, p. S78, 1900.-1. p. 866, 1901. Stark, 
Phyi. ZtB. 2, p 664, IBOl.— Drude Aaa. 8, p. 287, 1900. —5, p. 110, 1001.-7, 
p. 436, 1903. Towosead, Nat. p. 840, 1900.— Phil. Hag. 1, p. 108, 1901. 
TownBend aod Eirkby, Phil. Hag. 1, p. 680, 1001. 

(8) Wied. Ann. 64, p. 13, 1808.— SHzb. Wnerab. PhyB. — Med. Gea. 1895. 
Beltrag. 

(8) RoentgeD, Wled. Ana. pp. 12, IB, 1898. Rlgbi, C. B. 122, pp. 876, 
601, 1896.-ReDd. della R.Acc. del LlQcel, S, p. 842, 1896.— Mem. Bol. 6, p. 
138,1896. J. J. Thomaon, Proo. Roy.Soc. .1B,p. 274, 1896.— Proc Cambr. 
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E. — Inflttencb of the Becquebel Eaib on Conductivity. 

The so-called Becquerel rays, (1) which are a complexuB of 
very different rays, are emitted by the radioactive Biibstances. 
From such substances as are naturally radioactive, bodies have 
been separated Tfhioh exhibit this phenomenon in a marked 
manner. These are actinium (separated by Debieme ), polo- 
nium and radium (separated by the Curies). Of these the most 
active is radium whose rays are divided into the a, j9 and r rays 
which are distinguished by their penetrating power and their 
deflectibllity. The « rays are the least and the r the most 
penetrating. The ;- rays are not deflected by a m^net; the 
^ rays are easily deflected and the a rays only with difficulty 
and in a direction opposite to that of the ^ rays. The r rays 
closely resemble those discovered by Roentgen; the ^ rays 
are negatively electrified particles traveling with great velocity 
and hence may be looked upon as kathode rays. The a rays 
carry a positive charge. On bodies where the Becquere! rays 
strike they produce a secondary radiation. (2) The primary 



Phil. 8oe, 10, p. 10, 18»8.~Id. and McClelland, Proc. Cambr. Phil. Boc. 
9, p. 12B, 1896.— Id. and Rutherford, Phil. Mag. 43, p. 892, 1896., Ruther- 
ford, Phil. Mag. 48, p. 311, 1897.— Id. and McClung, Proc. Roy. 8oc. 97, p. 
346, 1900. Perrin, C. R. 123, pp. 188, 716, 1890.— Jour, de Phya. B, p. 850, 
1896.— 6, p. 435, 1897.— Ann. de Ch. et de Phya. 11, p. 498, 1897. Winkel- 
mann, Wled. Ann. 66, p. 1, 1898. SagtiBc, C. R. 125, pp. ISS, 

230, 942, 1897.-126, pp. 86, 467, B31, 887, 1898.-127, p. 46, 1898.-138, pp. 
800, 646, 1899.— Jour, de Phya. 8, p. 65, 1899.— Id. and P. Curie, C. R. 130, 
p. 1018, 1000.— Jour, de Phya. 1, p. 18, 1902. Townsend, Proc. Cambr- 
Phll. Soc. 10, p. 217, 1900. Dorn, Arch. Neerl. 6, p. 695, 1900. J. A. Cunn- 
ingham, Proc. Cambr. Phil. Soc. 11, p. 481, 1902. 

(1) H. Becquerel, C. R. 133, 1896.— 128 and 129, 1899.— 130 and 131, 1900. 
G.C. Schmidt, Wied. Ann. 65, p. 141, 1898. P. and 8. Curie, 0. R. 1898, 1899, 
1900, 1901 and 1902.— Id. and Bemont, C. B. 127, p. 1210, 1888. Rutherford, 
Phil. Mag. 47, p. 109, 1899. Debieme, C. R. 139, p. 593, 1899.— 130, p. 908, 
1900. Gieael, Wied. Ann. 69, p. 81, 1899.— Phya. Zts. 1, p. 16, 1899.— Ber. 
Ohem. Gea. 83, p. 1665, 1900. 

(3) H. Becquerel, C. R. 128, p. 771, 1890.— 1S9, p. 718, 1889. — 133, pp.371, 
784, 1286, 1901. 
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aa well as the secondary rays have many iatereeting properties, 
but here we are only concerned with their power to prodaoe 
iomsation in gases. This ionization is always an effect of ab- 
sorption and is different for the different kinds of rays. It 
usoally follows the same general laws as the other rays here- 
tofore studied. (1) 

F, — Chemical Soubcss op Ionization. 

Chemical reactions are very often accompanied' by ionization 
in the gases which enter into combination. In combustion we 
may have the double process of direct ionization of the burn- 
ing gases and their electrification by a solid introduced into 
thefiame. (2) 

The discharge of an electrified body by mcnst air which had 
been in contact with phosphorus is also in all likelihood due 
to ionization resulting from a chemical action. (3) 

Chemical decomposition by electrolysis or otherwise may 
also give rise to ionization. Thus Townsend (4) has proved 
that the rapid evolution of hydrt^n from sulphuric acid and 
iron causes the gas to assume a positive charge, leaving the so* 
lution oppositely electrified. He likewise found positive charges 



(t) H. Becquerel, C. R. 123, pp. 559, 989, 763, 1088,1899.-128, pp. 856, 
1896.— 124, pp. 488, 800, 1897. O. C. Schmidt, Wled. Ann. 06, p. 141, 1898. 
Ratberford, PliU. Mag. 47, p. 103, 1399. Bitall, Nat. 81, p. 539, 1900.— Pcoc. 
Roy. Soc. 68, p. 126, 1901. Elater and Geltel, Wied. Aon. 69, p. 678, 1899. 
H. Cantor, Drude Ann. 9, p. 452, 1903. McClelland, PhiL Hag. 8, p. 67, 1904, 
—p. 230, Febr. 1905. 

<2) Svant« ArrhcDlaB, Wled. Ann. 42, p. 18, 1891. SmitheU, Dawson and 
WllBon,Proc. Roy. 8oc. 64, p. 142,1898. H. A. WUaon, PMl. Trans. 1B2, p. 
498, 1889. McClelland, PhU. Mag. 46, p. 39, 1899. Warbnrg, Drude Ann. 
2. p. 804, 1900. Han. Drode Ann. 3, p. 768, 1900. 

(8) Bidwell, Nat. 55, p. 8, 18B7. Barua, Phys, Rev. 10, p. 257. 1900. 
Amer. Jour, of Sc. 11, p. 237 and 810, IBOl.— Phil. Mag. 1, p. 572, 1901— S, p. 
40, 1901. 

(4) I-roc. Cambr. Phil. 8oc. p. 244. SIR, 1897.— PliU. Mag. 46, p. 12% 1898- 
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oa ohiorine and osygen after their liberation. The rapid elec- 
trolytic disBOciatlon of Bulphurio acid leaves bydrc^en witb a po- 
sitive charge vhereas oxygen does not show any electrification. 
This difference is easily explained by the fact that the libera- 
tion of oxygen is not a primary but a secondary electrolytic re- 
action. The following eqnations show one of the wajra in which 
Bulphnrio acid may be electrolyzed and explain the different be- 
havior of the two gases that are evolved. 

Hg 80* = Hs -I- SO* 

2 HiO -i- 2 SO4 = 2Ha SO* -|- Oa 

G. — Ionization of LigciDs bi "Zebstaedbuhg". 

The anomalous electrification of air near water-falls had been 
known for a long time. Lenard(l) showed that when water 
or mercury is allowed to drop on a metallic plate, the liquid be- 
comes positively electrified and the surrounding air shows ne- 
gative electrification. Lord Kelvin (2) obtained a similar result 
by allowing air to bubble through water. The Zerstaeubung 
of pure water in air seems, to produce only the n^ative carriers 
or ions in the latter, while the slightest trace of a solvent in the 
water causes both kinds of carriers to appear. The velocity of 
the positive ions produced by pure water is given by Karl Kaeh- 
ler (3) as 4. 17 cm /second per volt/cm. 

This subject has received a good deal of attention quite 
lately. (4) 



(1) Wied. Ann. 48, p. 584, 1892. 

(2) Lord Kelvin,' McClean and Gait, Brit. Abb. Bep. 1894.— Proo. Roy. 
Boc. Land. 57, p. 885 and 480, 1895. 

(3) Drude Ann. 13, p. H19, 1908. 

(4) Elater and Geitel, WIed. Ann. 47, p. 49B, 1892. Weaendonck, Wled. 
Aon. 47, p. 639, 1898.-,ni, p. 858, 1894. J. J. Tttomaon, Phil. Mag:. 87, p. 
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II. — Phbnombsa Connected with the Dibchabqe. 

Duiii^ this period some new and importaDt faots were dis- 
covered such as the production of Boentfieii rays from kathode 
rays which was described by Professor Boentgeu of Wuerzhiii^ 
in 1895. The most important work however oonsiBts in a closer 
study of {Obviously known phenomena. Tbns, Lenard published 
his papers on kathode rays which were honored and deservedly 
so by many scientific associations. For amoi^ all the impor- 
tant work done in the busy physical laboratories of our days, 
that of Lenard stands ont as a model of accurate investigation 
and of scientific thought. 

The other important kind of rays, named by Goldstein 
"canal rays", also received their share of attention, maiqly from 
their discoverer and Willy Wien. 

A.-— Kathode Bays. 

We have already seen how a discovery made by H, Hertz led 
to the extensive study of the effects of ultra-violet light on 
gases. It likewise was another discovery of his that enabled 
Iienard to bring the kathode rays out of the kathode tube 
and thus study them under a great variety of conditions 
unobtainable in the dischai^ tube. 

Hertz (1) noticed that the walls of a vEicunm tube still 
fluoresced if a thin sheet of gold leaf or aluminium foil were 
interposed between them and the kathode. The fluorescing 
spot thus obtained changed its position under the influence of 
a magnet and showed all the other characteristics of the 



841, 1884,-4, p, 852, 190Z, Usener, Ztechr. fuer Pbys. Chem. 18, p. 191, 
189S. P. HimHtodt, B«r. der Naturf, Qes. Freib. Im Breiagsu, April, 1908. 
Pacini, Attl delU R. Ace. del Llnoel. 18, pp. 559 ftnd 617, 1004. A. Solimaus 
Drude Add. 9, p. 224, 1908. 
(1) Wieti. Aun. 45, p. 28, 1892. 
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fiuorescence produced by kathode rays. Thus it eoemed to be 
proved that kathode rays could traverse a thin sheet of metal. 

Lenard fully appreciated the importaaoe of this discovery 
and set to work to utilize it. He finally succeeded in construct- 
ing a tube with an alaminium window thin enoi^h to allow 
the katliode rays to go through, yet strong enough to stand the 
atmospheric pressure and to keep a perfect vacuum. The alu- 
minium which he used was 0,003 mm thick. 

His first studies of the rays thus obtained were published 
under the title:- "Ueber Kathodenstrahlen in Gasen von 
atmosphaerischem Druck und im aeussersten Vacuum." (1) 
The fact that up to then kathode rays could only be obtained 
Eind studied between pressures which scarcely exceeded the 
range of 1 mm is sufficient to suggest the full significance of 
this title. The work of Lenard is very extensive and prac- 
tically covers the whole subject, so that an analysis of it to- 
gether with references to and an occasional addition from that 
of other experimenters will be sufficient to give a complete 
view of the subject. 

1. Path op the Kathode Bays. — The path of the kathode 
rays is generally rectilinear but it may be modified by interven- 
ing obstacles and by electric and magnetic fields. 

Thus the kathode ray issues from the aluminium window not 
only normally but at every angle from to 90 degrees, and in 
gases it suffers diffusion at all higher pressures. (2) This dif- 
fusion increases with increasing pressure of the gas and is al- 
vpays greater for slow rays than for more rapid ones. This 
general law holds for solids as well as for gases. The latter ab- 



(1) Ber. dor Berl. Akad. p. 8, 18B3.— Wied. Ann. 51, p. 225, 1894. 

(2) Lenard, Wled. Ann. Gl, p, 225, 18S4. See also: Qoldsteln, Wied. Ann. 
81, p. 623, 1894.— 87, p. 84, 1898. W. Kaufmann, Wied. Ann. 69, p. 95, 1899. 
atark, Phya. Ztschr, 2, p. 233, 1900; McLennan, Zwchr, tuer Phye. Ctiein. 
p. 518, 1901. Seltz, Drude Ann. 6, p. 1, 1901. 
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sorb the rays and thos Bborten their path. This absorption is 
the same for eqnal masB-IengtbB of aU substances. The extent 
of a certain kind of rays was fonnd to be 2 cm in air of 760 mm 
pressure and 10 om for hydrogen at the same pressure. For 
all gases at tbe lowest obtainable pressure, (0.000 009 mm or 
about 1/85 000 000 th of an atmorphere) this path was found to 
be limited only by the end of the observation tube which was 
150 om long. 

The absorpticm is not always the same but varies greatly with 
the conditions in the kathode tube; thus showing that kathode 
rays of difFerent velocities must exist. 

Path of Rays in a Magnetic Fibld.(I) — A bundle of kathode 
rays traveling throi^h a m^netic field in a direction perpen- 
dicular to the lines of force is defiected. This deflection ia not 
unifonn for the whole beam of rays as appeals tram the fact 
that the rays are separated into a so-called mt^^etie speotmm, 
some beir^ but slightly and others considerably deflected. This 
again shows that the kathode rays are not all alike; their velo- 
cities vary and probably may assume any values from to a 
certain maximum which, according to Lenard, lies between 
0.67 X lO'f and 0.81 XIO^" cm per second, i. e. less than 1/3 of tbe 
velocity of light. The deflection of the kathode Tays is largely 
dependent on the gas-pressure in the kathode tube but is in no 
wise affected by the nature or the pressure of the gas in the ob- 
servation tube. 



<1) Lenard, Wied. Aaa. 51. p. 33j. 18M,-53, p. 23, 1894.-58, p. 2afi, 1895. 
Birkaland, C. It. 123, p. 492, 18B6.— 129, p. 238, 1898. Deaiandres, C. R. 125, 
p. 378, 1897.— 126, pp. 097, 1323, 181(7.— 137, p. 1210, 18B8. Wiechert, Wied. 
Ann. 69, p. 739, 1899. J. J. Thomson, Phil. Mag. 44, p. 293, 1897.— 48, p. 
547, 1899.- Proc. Otiinbr. Phil. 8oo. 9, p. 348, 189S.— 10,p. 49, 1900. Brauu! 
Wied. Ann. 90, p. 552, 1907. -as, p. 368, 1898. W. Kaufinann, Wied. Ann. 
61, p. 544, 1897.— 65, p. 431, 1898. E. Wiedemann and Wehnelt, Wied. Ann. 
64, p. 606, 1898. W. Wien, Wied. Ann, 65, p. 440, 1808. Stmtt, Phil. Mag. 48, 
p. 4'!8, 1899. H. A. Wilson, Proc. Cambr. Pliil. 8oc. 11, p. 170, 1001. 
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Path op Rays in an Elbctbical Field. ( 1 ) — If the path of the 
kathode rays is perpendicular to the lineB of force, it becomes 
curved towards the positive plate. This deflection is directly 
proportional to the fall of potential in the field and inversely to 
the square of the ray's velocity. This law supplies one of the 
most convenient methods of measuring the velocity of kathode 
rays. 

If the electric field is parallel to the direction of transmission) 
it exerts a force tending to chaise the velocity of the kathode 
raya. This change is positive if the kathode ray is directed 
oppositely to the lines of force and negative if it travels along 
them; of in other words, the kathode rays are attracted by and 
accelerated in the direction of a positive plate, whereas they 
are retarded if they are prop^ated in the direction of a negati- 
ve plate. The most convenient way of showing this property 
of the kathode rays is to allow them to x>as3 through ac opening 
in the centre of two condenser-plates and then to observe the 
change in their magnetic defleotibiiity. The velocity of katho- 
de rays may be accelerated in an electric field to fully 1/3 that 
of light. 

2. EPi-BOTS OP THE Kathode Rays. — One of the most notice- 
able effects of the kathode rays ts the fluorescence (2) they 
produce in many substances. In addition to the facts already 
known with regard to this property Lenard showed that the 
bluish light observed in vacuum tubes is nothing but the flno- 



(1) Lenard, Wied. Ann. 64, p. 378, 1898.— «5, p 504, 1898. Goldstein, 
Wled. AnD. 48, p. 787, 1803.— Ver. der Phys. Gea. 2, p. 143, 1900.— S, p. 193, 
1901. E.Wiedem«nnandH.Bbert, Wied. Ann. 46, p. 168,1891. B. Wied. 
and a. C. Schmidt, Wied. Ann. 80, p. 610, 1897. B. Wiedemann, Wied, 
Ann. 83, p. 346, 1897. -67, p. 714, 1899.— Id. and Wehnelt, Port, der PhyB. 
3, p. 811, 1898. J. J. Thomson, Phil. Mag, 44, p. 293, 1897.— 48, p. 647, 
1898. B. Schneider, Inaug. Disa. Erlangen, 1908. 

(3) Wied; Ann. 61, p. 235, 1894. 
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rescence of the gas under the .influence, of the kathode rays 
which in themaelviis are completely invisible. These rays also 
produce fog-nuclei in gases traversed by them, (1) and charge 
negatively all bodies within their path. This is the case even 
when the vacuum is so great as to offer too much resistance for 
the ordinary transfer of electricity. Similarly kathode rays 
carry their negative charge through dielectrics which, under 
ordinary circumstances, isolate very well. 

3. Kathode Bats from Ultba- Violet Lioht. — After having 
proved that ultra-violet light that is absorbed on a negatively 
chained surface produces kathode rays thereon, Lenard (2 ) began 
to study these rays which, on account of their much smaller ve- 
locity, offer advantages not possessed by the ordinary kathode 
rays. The study of these phenomena gradually led him to 
change his views with regard to the kathode rays. At first he 
had been inclined to consider these rays aa waves in the ether 
bat through his experiments with ultra-violet light, he came to 
the conclusion that the kathode rays are nothing but the path 
of the free elementary quantities of nt^ative electricity. Under 
ordinary circumstances this electricity is bound to matter but 
when the ultra-violet light is absorbed at the surface of a body,- 
the vibrations of the elementary quantities are increased until 
these quantities Anally break away from matter and travel into 
space because of their own velocity and the action of some ex- 
ternal force; this force.ia generally in the nature of an electrical 
field. If this field exerts a retarding force of sufficient intensi- 
ty, the electrical quantities maybe brought back to the charged 
surface which under these circumstances will show no loss of 
electrification. The production of negative electrical quantities 
is tilways accompanied by the production of an equal number 



(1) Wied. Ann. 64, p. 379, 18B8. 

(2) Dmde Ann. 3, p. 85B, 1900.— 8, p. 298, 1900.-8, p. 110, 1903.— 12, p. 
448, 1908.— 12, p. 714, 1908. 
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of carrierB of positive electricity. The velocity of these is ge- 
nerally much smaller than that of the n^ative carrierB. When 
a gas is ionized by kathode raya of a yelocity less than thai 
corresponding to -11 volts, there is no evidence of positive 
carriers on account of their possessing no velocity in this case. 
The positive carriers are of the same order o£ m^nitude as 
atoms and molecoles and are most probahly the atoms or molO' 
cnles of the gas. 

In connection with this it may be interesting to give Le- 
nard's views on the different quantities with which we are ( 
ii^ in physics. According to him, four things are always to be 
distinguished: — 

1. The atoms of chemistry. These constitute matter. 

2. Ether, that hypothetical substance which transmits light 
electricity, etc. 

3. Electrical quantities. They are not material although 
coming out of matter. The path of these quantities of negative 
electricity constitutes the kathode rays. 

4. Electrically chained atoms, or carriers of electricity. 

It must be noticed however that many physicists apply the 
term ion to the quantities onder the two last headings and that 
many do not admit the existence of tbesa "free" electrical quan- 
tities. According to them, the quantities of n^ative electricity 
which constitute the kathode rays are bomid to a small fractional 
part of the atom. Leuard does not suppose this splitting up 
of the atom. According to Lord Kelvin and Helmholtz, 
we must admit the structural nature of the atom but its 
splitting up is not concluded from their discussions. 

From a later paper by Lenard may be seen what is to be un- 
derstood by chemical atoms or matter. The atoms are groups 
of "dynamides" having In all probability the same extension 
and inertia for all substances. They are electrical fields of for- 
ce, their true radius is exceedingly small and the space between 
the several dynamides is very large in relation to the space 
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occupied. If the dynamideB in a cubic metre of platinum could 
be crowded tc^ether so as not to leave any intervening space, 
they would not occupy more than one cubic mm. In one of his 
last papers ( 1 ) he Bays that a pair of elementary electrical 
quantities in rapid rotation would be the simplest conception of 
a dynamide, or of part of it, thereby showing that he perhaps no 
longer r^arde the splitting up of the ojom as an impossibility. 
All these views are not mere speculation. They are an 
attempt to account for the absorption of kathode rays of 
different velocities ^2) and the diverse other facts concerning 
them. The most important of the facts that led to the pre- 
ceding views are the following:- The effective radius of the 
component parts of the atom is variable. For rapid kathode 
rays the absorption is proportional to the density of the ab- 
sorbing medium, and is in no wise influenced by either its 
chemical or its physical constitution. The diffusion and the 
secondary radiation follow the same law. 

4. Refleotios of the Kathode Rats. -The only im- 
portant property of kathode rays not thoroughly' studied 
by Lenard is their reflection from solid surfaces. Conse- 
quently the facts concemii^ this phenomenon will be 
t^en from the work of other experimenters. (3) 

This reflection depends largely on the velocity o£ the kathode 
rays. For very slow rays it is small; with increasing velocity 
it increases up to a certain maximum, from which it drops 



(1) Drude Ann. 12, p. 714, 1S03. 

(2) Leaard, Drude Ann. 12, p. 714, 1B03. R J. Strutt, Nat. 61, p. 639, 
IBOO. H. Bocquerel, C. R. 130, p. 308, 1900.— 130, p. 80B, 19.0. P. and S. 
Curie, C. R. 180, p. 647, 1900. 

(3f Starke, Wied. Ann. flS, p. 49, 1893. — Driide Ann. 3. p. 75, 1900- 
Campbell Swinton, Phil. Mag. 48, p. 132, 1899. Austin and Starke, 
Driide Ann. 9, p. 371, 1903. 8«gny, C. K123, p.l34, 1896. Bwinton, Proo. 
Koy. Soo. 04. p. 877, 1899. Vlllard, C. R. 127, p. KB, 1808.— ISO, p. 1010. 
IBOO. Seltz, DrudeAnn. 8, p. 1. 1901. Stark, Phya. Zeitachr. 3, p. 161,1902. 
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again and approaches a nearly constant valae for all h^her 
velocities. 

The angle of maximum emanation, i. e. the angle formed 
by the incident rays and the direction of maximom emanation 
is different for different Bnbstances. 

The phenomenon of reflection is always complicated and 
consequently difficult to study quantitatively since the reflec- 
tion ie accompanied by a secondary emission which can not 
well be separated from the reflected rays. 

When the kathode rays undergo reflection as well aa diffusion, 
their velocity is generally decreased and they are less homt^n- 
eous than they were before incidence. (1 ) 

5. Ohargb of the Kathode Quantities; e/m. — The value 
for the charge e, carried by an ion in electrolytes has been de- 
termined by electrochemists aa 1.29X10-i<* electrostatic units. 
Several authors hAve also established the charge of an ion in 
gases by means of the ionization obtained through Roentgen 
rays or ultra-violet light. The mean of the values that were 
reached ia fi.SXlO*". This is at least in the same order of mag- 
nitude as that obtained from electrolysis and, considering the 
uncertainty of the methods used, the unit charge of an ion may 
be looked upon as a universal constant. 

The relation of charge to mass, e/m, in the kathode rays was 
investigated by many experimenters. Their first results were 
widely divei^nt but the latest computations are in closer agree- 
ment. The most reliable determinations are probably those 
given below :- 

J. J. Thomson, (1897) 1—1.43X10 ' C. G. S. Units. 
Ph. Lenard. (1899) 1.15 

Kanfmann, (1901) 1.86 " " 

Sarke, (1903) 1.85 



<1) E. Qehrke, Drude Ann. 8, p. 81, 1902.— 8, p. 480, 1903. 
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From these results and from the preceding ones about the 
chai^ o£ one of the ions the apparent "mass" of one of the 
kathode quantities may be obtained if we assume that their char- 
ge is eqaal to that of the ions. On this assumption it has been 
foimd to be more than 1 000 times smaller than that of a hydro- 
gen atom. But the most recent work of the best physicists 
seems to require a much smdller mass for those particles. 

All attempts to determine the relation of charge to mass in 
the elementary n^ative quantities of the kathode rays, or in 
other words, the specihc charge of those quantities, have been 
carried out with the greatest care especially during the past few 
years. Despite this results so widely different have been obtain- 
ed that their disagreement could no lohger be considered as 
beii^ between the reasonable limits for errors of observation: 
thus for instance, W. Wien found 0.3X10 '' and Simon 1,865X 
10 ''. A closer investigation of the subject revealed the fact that 
for lower velocities of the kathode rays, this relation w^ con- 
stant or nearly so, whereas for greater velocities it varied. The 
following values given by Kaufmann show these variations: — 

''■tolO»™;,e!.'''| 2.36 2.48 2.59 2.72 2.83 

lo^aa's. u. [ 1-^1 11'^ ^■^'^^ ^■'^'^ ^-^^ 

Since from other considerations we may assume that the 
electric chaise e is a constant, we Eire compelled to admit that 
the mass of the kathode quantity varies. This apparent increase 
in mass becomes especially evident when the velocity of light 
is being approached by the kathode rays. 

B. — KoENTQEX Rays. 
When kathode rays of sufficient velocity fall upon a metallic 
or other solid surface, their energy is partially transformed into 
a much more i>enetrating form of radiation. 
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The new rays were first stodied by Hoentgen (1) who called 
them "X-Bays" on account of their nnknown nature. Gold- 
stein's "bifEerentiated Bays" which were stndied in an earlier 
chapter may have been partly Boent^n rays; bot they included 
certainly alao reflected kathode rays whereas GoldBteln does not 
make any distinction between several kinds of differentiated 
rays. So Boeni^n is rightly known as the discoverer of the 
rays which bear his name although he certainly was not the first 
to observe effects produced by them. 

The main characteristics of these rays are:— their behavior 
in a m^netic field, their penetrating power, their ioniaing and 
flnorescing properties. A magnet has no influence on them 
and they do not suffer any refraction. Their penetrating power 
is determined almost entirely by the density of the body on 
which they impinge. The vivid fluorescence which they cause 
and their effect on phott^raphic plates have proved of no small 
practical usefulness. 

0.— Oanal Bam. (2) 

As the kathode rays are the path of free negative electrical 
qoantities, so the canal rays are the path of positive electrical 
quantities or positively electrified particles. 

The velocity of the latter is generally much smaller than that 
of the kathode quantities but it is considerably increased when 



(1) Bltzb. der Wuerzb. Fhja.-Med. Ges. 1SS5. HeUrrtg. 

(2) Goldgteln, Wled. Ann. 84, p. 38, 1808.— Verb, der D. Ptya. GeB. S, p. 
205. 1901.— 4, p. 828, 1908. W. Wien. Verb, der D. Phya. Oea. p. 185, 
1807.— p. 10, 1898.— Wled. Ann. 65, p. Ml, 1868.- Drude Ann. 6, p. 431_ 
1001.— 8. p. 214, 1902.-9, p. 080, 1908.- Pliyei. Zettschr. 8, p. 440, 1903. 
Schiuter, Proc. Roy. Soc. 47, p. SSI, 1800. Arnold, Diae. ErlangeD, 1897,— 
Wled. Ann. 61, p. 826, 1807. E. Wiedemann and G. C. Schmidt, Wled. 
Ann. 62, p. 468, 1897. G. C. Schmidt, Drude Ann. », p. 703, 1902. ' Vll- 
Inrd, O. It. 126, p. 1B84, 1808. Wehaelt, Wled. Ann. 67, p. 421, 1890. 
Ewera, Wled. Ann. 69. p. 167, 1809. Townaeud, Phil. Hag. 6, p. 598, 1908. 
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the positive particlee traverse the rapid fall of potential at the 
kathode. There they produce the fltiorescence which is gene- 
rally known as the first kathode layer . I£ the kathode is not 
continuons they proceed through and beyond the openings as 
canal rays because of the velocity acquired in the kathode fall. 
It is in this manner that canal rays are nsnally produced. 

They are not deflected by a magnet so easily as are the kath- 
ode rays. This deflection is opposite to that of the latter and 
separates the canal rays into several groups, showing that the 
positively electrified particles which constitute them have masses 
of different orders of magnitude. There may be other kinds 
of rays in this group of canal rays besides those defined by the 
order of magnitude of the i)articlea which constitute them. 
Thus E. G-oldstein, (Ij basing his division on the color of the 
fluorescence produced by them and on their different methods 
of proi)^ation, thinks that what is commonly known as ''canal 
rays" ia a complex of at least five different kinds of rays. 

These conclusions are not astonishing in view of the careful 
work of Willy Wien, (2) who showed conclusively that the 
canal rays are very different in different gases and described the 
difficulties he encountered in his efforts to obtain pure gases 
in his discharge tubes on accoimt of the occluded gases con- 
stantly given off by the kathode. 

From his experiments it seems probable that while the canal 
rays approximately retain their initial velocity, the relation of 
chai^ to mass is a variable one for the same x>^rtiole. The 
values of this relation vary from to 36 000, the latter being 
for canal rays in hydrc^en at a discharge-potential of 9 000 volts. 
It also seems probable that the canal rays are produced from 
the gas in the tube, since in highly exhausted tubes they are 



(1) Verb, der D. Phys. Ges. 4, p. 228, 1902. 
(3) Drude Ann. B, p. 244, 1S02.-&, p. 660, 1002. 
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entirely absent while kathode rays are still in evidence: these 
are produced from the negative electrode. 

Canal rays as well as kathode rays are inflnenced by an elec- 
trostatic field. When the rays are parallel to the lines of force 
they are either retarded or accelerated, the former taking place 
when they travel with the lines of force, the latter when they 
travel against them. In a field that is perpendicular to their 
path of propagation they are deflected towards the negative 
plate. 

The chemical effects of these rays generally consist in the 
dissociation and splitting np of more complex molecules in the 
gas which they traverse. When they acquire sufficient velocity 
the dissociation produced by them may assume an electrical 
character whiob is evidenced by secondary radiation and ion- 
ization. 

III.— Potential Phenomena. 
1. Fall OF Potential. (1) 

The general behavior of the fall of potential was carefully 
studied during this period. As might have been expected, 
the potential gradient was found to be very different in the 
three main parts of the discharge:- the positive light, the 
dark space and the negative glow. The maximum fall is 
always in the dark space near the kathode, the minimtmi in 
the n^ative glow. At the anode there is also a great fall 
followed by a much smaller value. Within the unstriated posi- 



(1) Qrabam, Wled. Ann. 64, p. 49, 1898. Skinner, Wied. Ann. 68, p. 752, 
ISeO.—PliiL Mag. 50, p. 663, 1900. 6. C. Schmidt, Drude Ann. 1, p. 636, 
WOO. H. A. Wilson, PhIL Mag. 49, p. 506, 1900. Wehnelt, Drude Ann. 7, 
p. 287, 1901. J. Stark, Drude Ann. 5, p. 88, 1801. H. Starke, Verh. der 
D. Phys. Qes. S, p. 864, 1908. D. Budge, Proc. Cambr. Phil. 8oc. 13. p. 
165, 1808. N. a. Taylor, Pbye. Rev. p. 321, May, 1804. R. 8. Willows 
Phil. Mag. 8, p. 870, 1905. Townaend, Phil. Mag. 9, p. 289, 1805. 
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tivB light there ie no change in the potential gradient bat if the 
tube presents striatlons, the fall of potential pnrve is a snc- 
cession of relative maxima and minima. The former begin at 
the beginning of the bright layers, i. e. at the bright part 
nearest the kathode; the latter are fonnd towards the end of 
the layers, i. e. in the dark part nearest the anode. 

In the dark space the potential gradient rises gradually in 
the direction from the kathode to the anbde, sometimes showii^ 
small maxima and minima. 
2. Kathode Fall. (1) 

The difference of potential between the kathode and the begin- 
ning of the negative glow is called "Kathode fall." It decreases 
very rapidly in the kathode dark spaoe bat this decrease does 
not always obey the same laws. As long as the negative glow 
can extend itself symmetrically over the surface of the electro- 
de, the kathode fall is normal, bat as soon as this n^ative glow 
is forcibly restricted to surfaces smaller than those which it 
woald natnraUy tend to cover, the kathode fall hecomes abnor- 
mal. The normal fall is independent of the carrent-intensity 
but varies with the pressure and the nature of the gas. When 
the negative light is prevented from extending freely, the po- 
tential fall at the kathode increases with increasing current. 
The relation between these two quantities is represented by one 
branch of a parabola. 

The normal kathode fall is not influenced by the pressure 
of the gas but when the kathode fall becomes abnormal it 



(1) Paalzow and NeesBen. Wied. Ann. 56, p. 700, 1895. Caprtlck, Proc 
Roy. Soc. 68, p. 336, 1898. E. Wiedemaim, Wled. Ann. 87, p. 714, 1899. 
Strutt. Proc. Roy. Soc. 63, p. 446, 1900. Q. 0. Schmidt. Drude Add. 1, p. 
625, 1900. Hease, Drude Ann. 5, p, 670, 1901. Webnett, Drude Ann. 7, 
p. 237, 1902. Skloner, Phil. Majt- 2, p. 616, 1901. B. Rlecke, Drude Ann. 
4, p. 593, 1901. J. Stark, Phya. Zeitachr. 3, pp. 83, 16.i, and 274, 1902.— 
Drude Ann. 13, p. 1, 1903.— 12, p. 81, 190S. Cunningham, Phil. Mag. 4, 
p. 684, 1903.-9, p. 193, 190S. 
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increases slowly at first and then rapidly as the vacuum 
bGcomes higher. 

Finally it may be noticed that heating the kathode con- 
siderably decreases the potential gradient, and that a wea^ 
transverse magnetic field somewhat lowers the kathode fall, 
while a strong field makes it rise rapidly. On the contrary it 
a magnetic field is parallel to the kathode rays, it does not 
influence the kathode fall. 
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CHAPTER IV. 



Theobt of the Disohaboe. 



1: VOOABIILAEY. 

Unfortunately there is Btill in this branch of pbysioal 
science a confusing variety of terms withont any miiTersally 
recognized definition. Some terms are nsed to denote entirely 
different thii^, while inversely the same thing often has 
several appellations. The two words "ion" and "electron" 
which are certainly very extensively used, may serve as an 
illustration. 

The term "ion" was first used by Faraday:- "Finally", he 
says speaking abont electrolytes, "I require a term to express 
those bodies which can pass to the electrodes, and I propose 
to distinguish snob bodies by calling those anions which go to 
the anode of the decomposing body; and those passing to the 
kathode, kations; and when I have occasion to speak of these 
together, I shall call them ions. Thus the chloride of lead is 
an electrolyte, and electrolyzed evolves the two ions, chlorine 
and lead, the f<^mer being the anion, and the latter the 
kation." Here ion in its original sense means an atom or 
molecule carrying an electrical charge. It still retains this 
signification in electro-chemistry and is used in the same 
sense by a great many physicists in the subject now under 
discussion. But some authors define the ion as an elementary 
quantity of electricity which is not bound to a similar quantity 
of opposite sign. Thus they speak about molions, atomions 
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and eleotronions, meanii^ an electrically charged molecule, 
atom or electroo. 

This word electron is deEned by them ae the elementary 
quantity of matter thoi^h it is still used by the majority of phy- 
sicistB in its original and more appropriate meaning, i. e. the 
elementary quantity of electricity. 

To this must be added that, in order to avoid the confusion 
resulting from the use of these terms, other authors entirely 
dispense with them and employ only such terms as carry with 
them their own meaning: thus for instance Lenard speaks of 
electrical carriers and elementary quantities of electricity. This 
seems to be a better method than usii^ the other words 
without going to the trouble of defining them but it hiis a draw- 
back in this that it again introduces another set of terms into 
the subject. It would seem preferable to retain the words ion 
and electron, as has been done by representative phjmiciets in 
the few last years, in their time-honored original meaning of 
electrically charged atom or molecule and elementary quantity 
of electricity respectively. It is this sense that will be given 
them throughout the following pages. 

tjinoe the structural character of the chemical atom may now 
be looked upon as definitely established, it would also be 
convenient to have a name for those extremely minute parts 
whose grouping constitutes the atom. Several terms have been 
suj^ested:- enei^on by Keuterdahl and dynamide by Lenard 
The latter word is founded on the strongly sustained hypothe- 
sis that these minute parts constitute electrical fields of force 
through the juxtaposition of a negative and a positive electron. 
The word corpuscle extensively used by J. J. Thomson wonld 
be an appropriate appellation were it not for the fact that this 
author uses it in a slightly different sense. 

The term kathode ray is not interpreted in the same manner 
by all physicists. Some introduced a distinction between 
kathode and Lenard rays:- A kathode ray for them is the path. 
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of any pcirticte that carries n^ative electricity whereas the 
Lenard ray is the one ontBide the kathode tube after all the 
particleB laif:er than the electrons have been sifted otit by the 
aluminiom window. Bnt there is no neoeesity for makli^ this 
distinction, and we may, with the majority of physicists, define 
a kathode ray as the path of the negative electrons. 

IT.— Eablieb Sybteub. 

This subject is relatively very recent and it is largely on this 
accomit that there is so much embarrassing confusion- Another 
potent factor in bringing it about is the variety of systenut set 
up for the explanation of the facts that were gradtially dis- 
covered. These systems are scarcely less numerous than the 
investigators, although quite frequently they differ only in 
some minor details. 

One of the earliest theories was that advanced by G. Wiede- 
mann, according to whom the molecules are electrified near 
the charged electrodes and then repelled according to well- 
known electrical laws. These molecules do not travel from one 
electrode to the other but by their impact on others they give 
them their charge which is thus transmitted until it is neutral- 
ized on meeting an opposite charge on moleciilea coming from 
the other electrode. Moreover if the gas may be dissociated 
electrolytically, the transfer of electrical energy may be acoom- 
plished by the separation, the convection and the rexmion of 
ions as in the electrolytic process. 

A somewhat similar theory was adopted by Sir W. Orookes 
and supplemented by a revival of Faraday's ideas concerning a 
fourth state of matter. Puluj proposed another theory in 
which the particles that effected the transfer of electricity were 
not the molecules of the gas but the electrode-dnst thrown off 
from the kathode at a great velocity and carrying with it a 
strong negative chaise. 

Another class of hypotheseB was based upon the supposition 
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that the electric discharge was a phenomenon in ether. This 
view was favored by a great many careful experimenters. But 
gradually the electrolytic dissociation theory already proposed 
by Gt. Wiedemann gained ground, thanks to the efforts of such 
able defender9 as Schuster, G-iese, Elater and G-eitel, J. J. 
Thomson and many others. To day all physicists seem to admit 
that gases may become conductors in an electrolytic sense and 
that consequently electricity may be conveyed thro»^h them 
by the migration of ions. 

But this dissociation is insufficient to accoimt for the pheno- 
mena that occur in rarefied gases. Moreover it could not possi- 
bly be applied to conductors of the first order, although it seems 
natural to suppose that whenever there is a current of electricity, 
whether in metals, electrolytes or gases, the essential nature of 
this current is always the same. The following theory which 
may be called the electron theory seems to offer a fundamental 
idea applicable to the several kinds of electrical conduction. 

III.— Eleotboh Theory. 

A. — FODNDATIONB OP THE ElEOTBON ThBOET. 

The electron theory which may be defined aa the theory of 
electric dissociation is founded on several branches of physical 
science, the most important of which is electricity itself. The 
ideas of scientists with regard to the nature of this important 
agent have gradually undei^ue a change. The single- and two- 
fluid theories were the earliest conceptions of electricity, but 
for many great physicists they were only a convenient mathe- 
matical expression which proved very efficient in the analytical 
treatment of the various problems connected with electrical 
forces. 

By laying down the fundamental laws governing electro- 
lysis, Faraday famished the fundamental idea on which a new 
theory was soon to build up. The first of these laws is the one 
stating that "the chemical decomposing action of a current is 
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constant for a constant quantity of electricity," or that "the 
chemical power of a current of electricity ie in direct propor- 
tion to theabsolateqnantity of electricity which passes". From 
this it follows that the qaaatity of electricity which passes is 
the equivalent of and therefore equal to that of the particles 
separated. The second law states that "electro-chemical equi- 
valents coincide with and are the same as ordinary chemical 



These laws su^;est the idea that the electrical ohai^ pertain- 
ing to any valency of an ion may be a fixed quantity having a 
separate existence, so that there may be atoms of electricity as 
well as of matter. Weber and Helmholtz were the firstchampions 
of this theory which was soon to supplant the older fluid-theo- 
ries. But their views were deficient in as far as they failed to 
sufficiently account for the action of electricity beyond the space 
occupied by the small particles. By conceiving these electrons 
imbedded in the cosmic ether and surrounded by an electro- 
magnetic field of force, this objection is completely removed, 
while at the same time the exigencies of atomistic structure ars 
satisfied. 

This view of electricity still leaves the question as to its real 
nature an open one. It may be a separate substance different 
from what is ordinarily called matter or it may simply be a 
localized condition of the ether. The latter hypothesis is cer- 
tainly the one by which the transmission o£ electrical force 
through the ether would be most easily accoxmted for. 

Zebuan Effect. — The electron hypothesis received a fur- 
ther development from two other important sources:- the kath- 
ode rays and the Zeeman phenomenon. As the former will 
be discussed later on it will be enough to state the main facts 
conoeming the latter. 

It is well known that incandescent gases in general give a 
line spectrum and that each line represents a definite period t^ 
vibration. But if the gas is subjected to a stroi^ magnetic 
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field, an important change takes place in the spectnim. When 
the prop^ation of the light which causes a certain spectrum 
line is in the direction of the magnetic force, this line disappears 
and in its stead two new ones appear at an equal distance f roin 
the position of the original line. When the field is perpendi- 
cular to the light- wave, there are in general three lines of which 
the middle one occupies the original position. In some cases 
these general phenomena are even more complicated, the D i 
line for instance yielding fournew lines, while D2 is resolved 
into six by a m^netio field. 

A careful study of these phenomena revealed the fact that 
the new vibration periods are due to a negatively electrified 
particle, for which e/m is about 1000 times greater than for a 
hydrogen atom. Since we may assume that the electrical 
■chaise is equal in both cases, it will follow that the mass of 
the vibrating particle is very small and that the Zeeman 
effect is dne to a magnetic infiuence on the n^^tive electrons 
which possess a greater freedom of motion than the positive 
electrons. In the case of kathode rays this greater freedom 
results in a total liberation from the influences of the atom 
and of the positive electrons. 

B. — Application of the Eleotboh Thboby to the Dib- 

CHAHQE OF EleoTBIOITT THBODGH GaSES. 

The forgoing views which to a great extent are only a 
statement of facts, furnish a new explanation for the con- 
duction of electricity. In this new theory the negative 
electrons are looked Upon as seirarable from the atom. They 
possess a certain freedom of vibration within the atom, which 
vibration may be increased by the absorption of radiant energy, 
by electrical tension, etc., to such an extent as to overcome the 
attraction of the positive electron and the rest of the atom. 
In such a case the negative electron breaks away from its 
former vibrating position and travels into space with a velocity 
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that 18 determined bj its own enej^ and the amount of 
exterior forces acting on it. At the same time the rest of the 
atom, which has now a positive charge, moves in the opposite 
direction. These motions or migrations constitute the electric 
current. The only difference between rarefied gases on the one 
hand and electrolytes and gases of a higher pressure on the 
other lies in the fact that in the former the n^ative electron 
may travel on for a great distance while in the latter, some 
atoms or molecules immediately condense on it, thus forming 
the electrolytic negative ions. In condnctors of the first order 
conduction is similarly accounted for by a motion of electrons. 
We assume that in these solids there is always a number of 
free electrons which move in the interatomic space as soon as 
new electrons enter from any of the several sources of electri- 
city. These free electrons might be both positive and n^a- 
tive, but since we have no sufficient evidence for admitting 
the separate existence of positive electrons, we may assume 
that the condnction is effected only by n^ative electrons. 
This hypothesis sufficiently accounts for all the known facts by ' 
assuming that when a negative ion is being deposited on the 
anode, it gives up its negative electron while a positive ion 
arriving at the kathode takes a negative electron from the kath- 
ode itself. For entirely metallic circuits, a current o£ elec- 
laricity would be nothing but a motion of n^ative electrons in 
one direction. 

Let us now apply the electron theory to the passage of elec- 
tricity through rarefied gases with which we are mainly con- 
cerned. 

Generally a gas contains some ions although their number 
may be very small. As soon as a difference of potential is estab- 
lished between the two electrodes, these ions move in opposite 
directions, thereby causing the weak current which is 
noticed long before the difference of potential becomes high 
enough to produce the well-known phenomena of the discharge. 
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This oorrent is purely electrolytic in character Bnd in conse- 
qnence of the relatively greater velocity of the negative iona it 
prodncee a greater rarefaction near the negative electrode. Ajb 
the difference of potential riseB the vibration of the negative 
electrons on the kathode becomeB more intense nntil it finally 
reaches a value which allows theae electrons to break their con- 
nection with the atom. They ^re then thrown off from the kath- 
ode at a high velocity. By impinging on the atoms of the 
gas they produce other n^^tive electrons and a corresponding 
number of positive ions. 

FiBST Kathode Later.— -The initial path of these new car- 
riers htta every possible direction but all the positive iona are 
gradually bent back by the electrical field towards the kathode. 

The great fall of potential near the latter gives them a velo- 
city sufficient to produce a vivid fiuorescence when their path 
is stopped by the solid electrode. This givea rise to the so- 
called first kathode layer. 

Kathode Dabe Space and Kathode Light. — The relative 
darkness of the next layer is due to the few impacts of the n^a- 
tive electrons on account of their h^h velocity and the relative 
scarcity of the punitive ions. These impacts gradually increase 
in number up to a place well within the negative light. The 
u^ative electrons, like the positive ions, at first travel in every 
direction, bnt those which return towards the kathode, being 
gradually retarded by the rapidly increasing force actii^ 
gainst them, are finally stopped and repelled towards the ano- 
de. The third kathode layer is chiefiy due to the secondary ne- 
gative electioiw. Its greater luminosity is accounted for by 
the larger number of impacts for slow electrons in a given cross- 
section; its sharp definition is a natural consequence of the 
rapidly increasing strength of the electrical field near the 
electrode, the point where this field will be able to 
destroy the oppositely directed velocities will be practically the 
same for all negative electrons. It may not be evident at first 
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why the absorption of slower electrons should be greater than 
that of swifter ones in the same lei^h of the ga8-colnmn„bnt this 
is a direct consequence of the concept of matter which under- 
lies this theory. The atom has structure and its component 
parts are at least mainly, if not eesentiallj, electric fields of 
force resulting from the jnxtapoaition of two electrons of oj^tosite 
sign. In such a field of force the true radius of the component 
electrons and the efficient radius of the field are two different 
things. By true radius is meant the radius of the space 
occupied by the electrons while the term "efficient radios" 
denominates the radius of the electric field which is sufficient 
to completely counterbalance the velocity dE a n^iative electron 
crossing it. This effective radius is naturally different for 
different velocities, and beyond it the negative electrons are 
merely retarded. 

Dabe Space. — The great production of n^ative electrons 
and positive ions within the n^ative glow results in a rapid 
rise of the potential gradient. The ionization decreases and 
finally ceases almost entirely, thus bringing about the dark space. 

Positive Light. — The relative scarcity of electrons and ions 
due to this absence of ionization causes a decrease of conduc- 
tivity and consequently another drop in the potential gradient. 
This difference of potential again accelerates the n^ative 
electrons and gives them energy enough to produce new ions 
and electrons by impinging on the atoms. The place where 
this new ionization sets in is the beginning of the so-called 
positive light. This lightappears under two distinct forme: — 
the striated and the nnstriated. 

Unstbiated Positive Light.^K the ionization and the 
electrical forces in this part concur in producing negative 
electrons and positive ions of all velocities, these will continue 
producing an ionization whose amount will be practically the 
same for all cross-sections in the cplomn of light. In this case 
there will be no appreciable difference in the potential gradient 
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between any two pointB; as a result the luminoeity of the gas 
, will be nearly the eame throughout the whole length of the 
positive light and the discharge will be unstratified. 

Steiatioh. — But if a majority of the electrons hare, or 
acquire, nearly the same velocity, their mean free path will be 
the same. Within this free path very little ionization will take 
place and consequently a dark layer will be produced 
and the potential gradient will fall again. When tbeiy 
have reached the end of their free path, new electrons are pro- 
duced in great numbers; this gives rise to a greater degree of 
luminosity and to an increase in the potential gradient. The 
luminous layer will be succeeded by a dark one, the latter i^ain 
by a br^(hter one and so on until the anode is reached. This is 
the striated d^harge. The fundamental idea underlying this 
explanation was first advanced by Goldstein who considered 
each brilliant layer of the positive light as the starting point 
of a new current. It appears readily how a new period of 
ionization really supplies the elements for a new current. 

Anode Lateb. — The conditions near the anode are mainly 
dependent on the state of ionization of the gas in its 
immediate neighborhood. If few electrons and ions are 
present there is a rapid change in the potential gradient, the 
velocity of the existing electrons is accelerated and these will 
produce ionization and a brilliant layer on the surface of the 
anode. If on the other hand this electrode is in the negative 
glow or in any part of the tube where there is a high con- 
ductivity, the anode fall is small, very little ionization is pro- 
duced and the anode layer becomes faint or vanishes com- 
pletely. 

At the banning of this discussion it was supposed that 
the increase of vibration which resulted in the separation of 
the electron from the atom, wa^ due to the high potential at 
the kathode and that thus an electric current was established 
in the gas. This however is not the only cause that may 
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produce the same resolt. If the kathode absorbs energy iiom 
idtra-violet light or an exterior source of heat, this energy 
passes to the electrons and increases their vibration Ultra- 
violet l^bt is an electro-magnetic vibration propagated 
through the ether in very short wave-lengths. These vi- 
brations excite a stronger activity in the negative electrons 
and give them sufficient energy to aUow them to overcome 
the attraction of the positive electrons with which they are 
associated. These negative eleutrous then pass into the sur- 
rounding gas and thus bring about the discharge of the jdaie 
on which ultra-violet light is impinging. If this plate is not 
charged initially, the effect of ultra-violet light is still the same 
but in such a case the throwing off of negative electrons will 
result in leaving it with a positive charge. Heating the kathode 
has a similar effect because heat is a vibratory motion oommu- 
nicated to the electrons. 

When a gas surrounding a chained body is directly ionized 
by an external agent such as ultra-violet light, kathode rays, 
Roentgen Rays, Becquerel rays, etc., the ions thus produced 
receive an acceleration from the electric field near the charged 
' surface. The current thus established lasts as long as there 
are free ions in the gas. If the field is strong enough to in- 
crease the velocity of the ions to euch a degree as to allow them 
to ionize more gas in their turn, a new current directly produced 
by the electro-motive force of the electrode is established. 
Hence as a general rule, currents may be divided into two main 
classes:- the dependent and independent currents. The depen- 
dent currents are those that consist entirely in the motion of 
ions. produced by an external agent. The independent cnxrents 
again are of two kinds:- completely so or only partially so. The 
former are established by the electro-motive force of the elec* 
trodes while the latter need the help of some exterior agent for 
banning but are then maintained by the difference of potential 
between the electrodes. 
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C— The Electbon Theobt and the Diffbebnt Kinds 
OF Radiation. 

1. Kateode Bays. 

Kathode rays are the path o£ negative electrons. This view 
is universally held to day with one unimportant exception. 
Some authors apply the tenn kathode ray to the path of any 
carrier of negative electricity, whether this carrier be an electron 
or an ion. It is only a question of words and it seems prefer- 
able to adopt the first definition because it ie almost universally 
recognized. 

For a long time, the most notable experimenters v. g, Hittorf, 
Hertz, Goldstein, Lenard {in the beginning of his work) and 
many others held an entirely different view, For them, a 
kathode ray was a process in the ether, pobably very refrangible 
ultra-violet light. The deflection of the ray by a magnet was 
explained by sayii^ that it was an effect similar to the rotation 
of the plane of polarization. This at best was not a very clear 
explanation. These views naturally led to the conclosion that 
the kathode ray was merely a phenomenon accompanying the 
electric discharge without taking any part in it. 

But gradually the electrical character of these rays was estab- 
lished, and they came to be looked upon as one of the most 
important factors of the discharge through their power to pro- 
duce ionization. 

The real nature of the electrons, those quantities which 
constitute the kathode rays is still under discussion. To 
explain them, one of two hypotheses must be admittedr-either 
the kathode quantity is part of the material atom with an 
elementary charge of n^ative electricity or it is this elementary 
quantity existing independently of matter. This second view 
has been held throughout this discussion. No convincing rea- 
son can be given against it. The strongest ailment adduced 
by the adversaries of this theory is that it is an altogether new 
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assumption. But this is likewise true of their own hypothesis 
for although radium emanntion shows after some time the 
spectrum of helium, the faintest trace of which conld not be 
previously detected, thus showing that some change had taken 
place in the atomic structure of the expelled gases, still these 
changes involve immense groupings of the elementary consti- 
tuents of matter and do not justify the conclusion that one of 
those small parts with its negative charge, can be separated 
from the atom. An analogous case is found in the more com- 
plicated chemical molecules-, when such a molecule is broken up 
by heat or otherwise, the resulting bodies are never one solitary 
atom and the former molecules with only a slight change, but 
new molecules are formed which represent a grouping that 
already existed in the first molecules. Thus oxalic acid for 
instance, may in several ways be broken up by heat, yielding 
carbon monoxide, carbon dioxide, water and formic acidi 
occording to the following formulae :— 

{C00H)3 = C0« -i- H. COOH 

2(C00H), =- 2C0a -1- CO -)- H. COOH -|- Ha O 

But no single atom ever breaks off, leaving the rest of the 
compound in an incomplete grouping. 

By assuming that the electron is nothing but an elementary 
quantity of electricity, this difficulty is avoided. This is not 
the only advantage of the electron theory as exposed above. 
Another difficulty E^ainst assuming that there is a material 
mass connected with the elementary quantity of the kathode 
ray comes from the fact that we have r.o evidence of its mass un- 
less it be in motion. Thus the highest charge on a conductor 
does not bring about the slightest difference in maas, nor is any 
transfer of mass ever noticed in a conductor of the first order 
through which a current is passing. This, in connection with the 
fact that the mass of an electron is a function of its velocity 
warrants the conclusion that this mass is entirely electro- 
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magnetic in character. It is easy to Bee bow self-induction and 
the resistance of the surrounding iield against deformation by 
any external cause may sufficiently account for this apparent 
mass; for a rapidly moving electron is to all intents and pur- 
poses an electric current which, on account of the extremely 
small ritdius of its carrier, creates an intense field of force in its 
vicinity. Any force tending to deform the field will expend 
an energy that wiU be resisted by the electron. This inertia is 
sufficient to explain alt the facts that have been observed up to 
the present. 

A very interesting but complex phenomenon occurs when a 
kathode ray strikes a solid obstacle. In such a case the ray 
may be:- 1. transmitted, 2. reflected, 3. deflected, and 4. 
absorbed and changed into a new form of energy. These pheno- 
mena may all happen at the same time and several of them are 
always produced simultaneously. This behavior is easily 
explained by the electron theory. 

Thin sheets of metal allow the kathode rays to pass through 
them because of the almost infinitesimal radius of the electron 
and the relatively large space between the small quantities 
whose grouping constitutes the atom as well as between the 
atoms and molecules themselves. But the electrons are at the 
same time subjected to the influence of the parts of the atom, 
which influence tends to destroy their velocity and to change 
their original direction. In fact kathode rays are retarded in 
goii^ through an aluminium window and they issue from it in 
all directions. 

But some electrons will impinge on the space really occupied 
by the obstructing body an(i because of their elasticity be 
reflected. This reflection will necessarily be diffuse because 
the surface on which they strike will always be rough for such 
small quantities as the electrons. This real reflection may be 
accompanied by something of a quite similar nature. Instead 
of striking against the solid parts of the substance, 
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the kathode quantities may be gradually brought to rest and 
then accelerated in tliu opposite direction by the opposing 
field o£ force, since a body on which they strike becomes 
thereby negatively charged. 

De&ectioQ may also take place on account of this same 
negative charge, especially if the angle of incidence is great. 
This follows from the very nature of the electron viewed as an 
elementary quantity of negative electricity. 

Ultimately, whenever the kathode rays impinge on a solid 
some of their energy is transformed. They may thus cause an 
increase of vibration and consequently heat and fluorescence. 
And again when they impinge on any particle, they will be 
suddenly stopped, at the same time throwing the particle out 
of its ordinary vibratory path. This will result in a stress in 
the ether and in a wave that may be characterized as an elec- 
tro-magnetic pulse, since it is of very short duration. This 
phenomenon is known as the Roentgen ray. It is evident why 
the intensity of this ray should increase as the velocity of the 
producing kathode ray increases since the disturbance created 
■ in the ether will be more intense for greater velocities. 

The Zeeman effect shows how light is probably due to the 
vibration of the negative electron around its point of rest. 
This vibration, i. e, the constant varying between the velocities 
O and a certain maximum, sends out into the surrounding ether 
a continuous train of electro- magnetic or light- waves. When 
the negative electron is suddenly stopped in its path by striking 
on a solid surface, the same sudden, or rather, a more sudden 
variation of velocity occurs, and consequently an electro- 
magnetic disturbance is propagated through the ether. After 
having been thus stopped, the electron may not return or may 
return with an acceleration quite different from what it had 
before arriving. If, therefore, we look upon a wave of light 
as produced by a regular full or half vibration, we will not 
be justified in calling the Roentgen ray a wave, since it lacks 
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the r^ularity which this name implies: hence the name elec- 
tro-magnetic {Hilse. 

2. Canal Bats. 

In discx^aing the Srst layer of the kathode light we assumed 
a coatinnons electrode. If this is not the case, some of the 
positively oharged particles instead of impinging on the 
kathode, continne through the openings and by their high 
velocity are constituted canal rays. These raya may also be 
produced by accelerating the positive carriers in a stroi^!; 
electro-static field. 

The nature of the canal I'ays is not known bo well as that 
of the kathode rays owing partly to their more complex 
character. In kathode rays the so-called mE^^netlc spectrum 
vhich is due to dlFferences of velocity. But in canal 
rays there is also different deflectibility which can not bo 
accounted for by different velocities. There are some rays 
that can not be deflected even by the strongest electro-magnets 
although their velocity is of the same order as that of those 
which are deflected. 

A^in, these rays show widely different values for their 
epeciSc charge, e/m. This might be accounted for in two 
ways:- neutral atoms or molecules combine with the chafed 
particle, the charge meanwhile remaining constant; 
or the mass remains constant while the chaise varies. 
The latter hypothesis is the more probable owing to the general 
behavior of the rays. The electron theory offers a ready expla- 
nation of this. There is no reason to suppose that only one 
negative electron may be separated from the atom for all the 
electrons enjoy an equal freedom of motion and, consequently, 
it may happen that several of them are sepEtrated from the 
atomic group at the same time. But each negative elementary 
quantity of electricity that is thrown off makes it harder for 
the others to break their connection with the atom. As a con- 
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sequence, a limited mirnber can only be separated and, more- 
over, the atom positively electrified in this way will tend towards 
neutralization by oombining anew with the negative elementary 
quantities which it may meet in its path. This accomits for 
the change of the specific chaise of the rays durii^ their 
propagation and for all their known properties: — 

The rays that are not deflected are the path of those particles 
which have become completely neutralized before entering the 
electric or magnetic iield applied to the tube. The several 
groups produced by a deflecting force are formed by such 
particles as retain an equal charge. 

Finally, this recomblDation explains the fact that in very 
highly rarefied gases the current can pass much longer than 
could be expected from the computation of the number of 
molectiles in the tube, for the gas is being constantly r^en- 
erated, thus rendering possible the production and transfer of 
new carriers, or in other words allowii^ the current to continue. 

3. Begquebel Ravs. 

There are two differences between the iiecquerel rays and 
those hitherto diacussed but neither of them is essential. The 
one is quantitative while the other concerns their source. 
Quantitatively, Becquerel rays and in particular radium rays 
are generally stronger than the corresponding rays produced 
in an ordinary vacuum tube. Thus a rays correspond to canal 
rajs. j9 rays are strong kathode rays or in other words, they ape 
negative electrons of high velocity, y rays show all the charac- 
teristics of "hard" Roentgen rays. But while canal, kathode 
and Roentgen rays are obtained from ordinary bodies under the 
influence of some well defined exterior agent such as stroi^ 
heat, ultra-violet light, a high electro-motive force, etc., they 
seem to be emitted by the radioactive substances without the 
absorption of any external ener^. 

The production of the r rays is explained on the same prin- 
ciple as that of the Roentgen rays which they resemble in 
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eTery i»op«rty. Bnt here the amative electrons strike t^inst 
the particleB of the radium itself and being thus suddenly 
stopped, produce the same electro-magnetic poise which is 
generally Tery intense on account of the high velocity of the j9 
rays. 
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THE CONSTITUTION OF MATTER. 



The study of the electric discharge through gases and more 
partiotilarly that of the kathode rays has led to a new concept 
of the nature of matter. The ezisteDcfl of electrons both posi- 
tive and negative, grouped bo as to nentralize one another, 
while allowing at the same time the negative electrons more 
freedom of motion, has led physicists to ask the question 
whether there is anything else bnt these electrons. If all the 
properti^ of matter can be explained on snch a supposition, it 
will be logical to admit that the so-called material atom is noth- 
ing bnt a group of electrons. Inertia can be explained very 
well as has been shown for the n^ative electrons- 
Moreover it is possible to eonceive that, the small 
parts of the atom composed of one positive and 
one negative electron rotating around a common centre 
possess an apparent mass quite different from that which would 
have to be attributed to each separately becanse the radins of 
the rotating double elementary quantity would be different from 
the sum of their two radii, and the rotation itself would consti- 
tnte a very important factor of this inertia. 

The systems of electrons, or whatsoever the component parts 
of the atom may be, are the same in all substances. This seems 
to be an inevitable conclusion from the law that the absorption 
of rapid kathode rays is directly proportional to the density of 
the absorbing medium without being influenced by any of the 
physical or chemical conditions which this medium may assume. 
A quantitative study of this absorption shows that the real 
radius of the impenetrable system of two electrons must be less 
than 0. 3 X lO**" mm, and that the relation between the volume 



jv'GoO'^lc 



78 OOSSTITUTION 0? Matxbb. 

of the atom and that of a syBtem of eleotrons is less than 10^ . 
Bat the efficient radios is always greater, and consequently the 
above law vbioh practically states that the efficient radina is 
the same for equal masa-lengths of all substances, supposes 
that the strength of the electric field is the same for the compo- 
nent parts in all atoms. In other words, the study of kathode 
rays has tanght us the probable unity of matter. 

Even more than this, it leaves na to suppose that the one and 
only thing which exists as a sul»tance in the physical world is 
the universal ether. The eleotrona may be nothing but a local- 
ized condition of this same ether and consequently matter itself 
would be another modification of the nniversal snbstance which 
fills all space. Tbos a grand unity which may eventually even 
lead us to a better nuderstandii^; of gravitation possibly the 
most mysterious force of nature, would be at last established in 
our concept of the ph^ical world. 
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